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GENERAL INTRODUCTION 
Synapse formation 
The development of the nervous system results in the establishment of 
stereotyped patterns of neuronal connectivity. It is these patterns of synaptic 
connectivity that account for neural specificity, the processing of information that 
results in behavior, and the plasticity that is believed to be responsible for learning 
and memory. 
The mechanisms regulating the formation of the neuromuscular junction have 
been the focus of numerous studies. Neuromuscular junctions are characterized by 
the presence of several structural and functional specializations in both the 
presynaptic nerve terminal, and in the postsynaptic muscle fiber. The development 
of structural specializations occurs over a period of hours to days (Blackshaw and 
Warner, 1976; Kullberg et al., 1977; Buchanan et al. 1989). However, there are some 
physical and functional changes that occur rapidly following neuron-muscle contact. 
Initial neuron-muscle interactions have been shown to be functional. Spontaneous 
miniature end-plate potentials and nerve-evoked end plate potentials have been 
recorded in muscles within a few minutes following contact (Blackshaw and 
Warner, 1976; Kullberg et al., 1977; Xie and Poo, 1986). 
During this early time of synaptogenesis there are no junctional 
specializations in either synaptic partner, such as presynaptic or postsynaptic 
membrane densities, basement lamina, and few presynaptic vesicles (Kullberg et al., 
1977; Buchanan et al., 1989). In the 24 hour period following initial contact, several 
changes in the structure and function of the neuromuscular synapse occur. Within 
the first 20 minutes following neuron-muscle contact there is an increase in the 
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frequency of spontaneous miniature end-plate potentials, which has been correlated 
with changes in the calcium homeostasis of the motoneuron (Kullberg et al., 1977; 
Xie and Poo, 1986; Dai and Peng, 1992; Zoran et al., 1993). Within the first few hours 
a close apposition of the neuron and muscle membranes is detected, along with an 
increase in the frequency of coated pits, an increase in the number of vesicles present 
at the contact zone, the appearance of dense-core vesicles, and a thickening of the 
postsynaptic membrane (Kullberg et al. 1977; Buchanan et al., 1989). The appearance 
of definitive active zone structures, basal lamina, and postsynaptic junctional folds 
have been observed within this initial 24 hour period. 
Specificity of synaptic connections 
Approprite behavior in an animal requires appropriate connections between 
neurons and their targets. The ability to reconstruct synaptic connections in vitro, 
along with the ability to reliably identify individual neurons in invertebrate systems 
has been useful in studying synaptic specificity. 
Neuron LIO oiAplysia forms functional synapses with left upper quadrant 
neurons, which are the in vivo follower cells of LIO, in culture conditions, but does 
not make synapses with right upper quadrant cell with which it also does not form 
synapses with in vivo (Camardo et al., 1983). Similarly, identified buccal 
motoneuron 19 (B19) of Helisoma is restricted in its synaptogenesis, and never forms 
chemical connections with novel targets (Haydon and Kater, 1988; Haydon and 
Zoran, 1989). Neuron B19 requires its in vivo target, the supralateral radular tensor 
(SLT) muscle, to gain neurosecretory capabilities in response to action potentials 
when B19 is plated into cell culture conditions (Zoran et al., 1990). This system of an 
identified neuromuscular synapse that can be reconstructed in culture has permitted 
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high-resolution studies of neuromuscular synaptogenesis. This system also allows 
for experimentor control over the timing of neuron-muscle contact, permitting 
observation of temporal changes occurring in the presynaptic neuron in response to 
muscle fiber contact. 
Cell-cell signalling during synaptogenesis 
Several effects of the orthograde flow of organizational information from the 
presynaptic neuron to the postsynaptic muscle fiber have been studied. The 
reorganization of the postsynaptic apparatus is, in part, mediated by the release of 
agrin from motor nerve terminals (McMahan and Wallace, 1989; McMahan, 1990; 
Reist et al., 1992). Agrin binds to receptors on the postsynaptic surface, and causes 
the clustering of acetylcholine receptors as well as the localization of other 
postsynaptic elements, such as acetylcholinesterase, butylcholinesterase, heparin 
sulfate proteoglycan (a basal lamina component), as well as a 43 kD receptor-
associated protein, to the synaptic site (McMahan, 1990). 
The reorganization of the postsynaptic apparatus is also under the control of a 
protein that stimulates acetylcholine receptor synthesis, ARIA (acetylcholine 
receptor-inducing activity) (Corfas et al., 1993). In addition to stimulating 
acetylcholine receptor synthesis, ARIA also induces the expression of sodium 
channels in the muscle fiber (Corfas and Fischbach, 1993). 
While the regulation of the postsynaptic apparatus by the presynaptic 
motoneuron has been well-defined, little is known about the retrograde regulation 
of the presynaptic terminal by the postsynaptic muscle fiber. While studies have 
suggested that retrograde signals from the postsynaptic cell regulate the 
development of the structure and function of the presynaptic terminal (Purves, and 
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Lichtman, 1985), only one recent study has identified such a signal. Harish and Poo 
(1992) have shown that G-protein activation of the arachidonic acid pathway in 
muscle produces a retrograde signal that modulates neurotransmitter secretion from 
the presynaptic terminal during synaptogenesis. 
Several molecular components form the active zone of the presynaptic nerve 
terminal. Molecules that comprise the active zone are still being identified, but the 
known molecules include calcium channels (Robitaille et al., 1990; Cohen et al., 
1991), a receptor for a-latrotoxin (Valtorta et al., 1984), and a putative docking 
protein, syntaxin (Bennett et al., 1982). Synaptic vesicles are localized to the 
terminal. The appropriate organization of calcium channels and synaptic vesicles is 
believed important in allowing rapid transmission of information from the 
presynaptic neuron to the postsynaptic target in chemical synapses. 
Depolarization of the presynaptic nerve terminal causes voltage-dependent 
calcium channels to open resulting in calcium influx into the terminal. The influx of 
calcium triggers neurotransmitter release from the nerve terminal (Katz, 1969; Llinas 
et al., 1981; Augustine et al., 1987; Smith and Augustine, 1988; Stanley, 1991). 
Several studies have shown that these calcium channels are localized to active zones 
(Heuser et al., 1979; Pumplin et al., 1981; Robitaille et al., 1990; Cohen et al., 1991). 
There is little known about the developmental mechanisms regulating the spatial 
expression of presynaptic calcium channels. 
The focus of these studies has been to determine whether retrograde signals 
from the muscle can reorganize the presynaptic neuron. Specifically, the focus of 
these studies has been to determine whether contact with an appropriate muscle 
target can regulate presynaptic calcium handling. 
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Dissertation experiments 
The present studies have used an identified neuromuscular synapse from the 
freshwater pond snail Helisoma trivolvis. This synapse was reconstructed in vitro, 
and was used to investigate the effect of target contact on presynaptic calcium 
handling. Helisoma trivolvis was originally chosen for neurobiological studies 
because of its definable behavior and accessible nervous system. Helisoma central 
ganglia contain a relatively small number of large neurons. Individual neurons can 
be identified visually based on the neurons' relative position in the ganglia, 
pigmentation, size, and axonal geometry. Individual identified neurons can be 
isolated from the ganglia, and plated into cell culture conditions. The reconstruction 
of this synapse in vitro has allowed for experimental control of the extracellular 
environment, as well as experimental control over the timing of neuron-muscle 
contact, premitting high-resolution studies of neuromuscular synaptogenesis. 
Explanation of dissertation format 
Each of the papers is a manuscript modified to conform to the specifications 
of the Iowa State University Thesis Office. Each section has its own introduction, 
materials and methods, results, discussion, and references. A general summary, 
which discusses the entire body of work, follows paper 3. 
In addition to the experiments discussed in this thesis, I have performed 
additional work which has resulted in the publication of two other papers. First, in 
collaboration with J. E. Richmond, W. L. Smith, D. A. Price, and P. G. Haydon (1992), 
I have studied the modulation of calcium influx by the neuropeptide FMRFamide. 
Second, in collaboration with M. J. Zoran, S. B. Kater, and P. G. Haydon (1993), I 
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have studied the effect of muscle target contact on the resting calcium level in 
neuron B19. This paper is the basis for the experiments discussed in paper two, 
however, since the experiments were done in a collaboration they were omitted from 
this thesis. 
7 
PAPER 1. SYNAPTIC TARGET CONTACT ENHANCES PRESYNAPTIC 
CALCIUM INFLUX BY ACTIVATING PRESYNAPTIC cAMP-
DEPENDENT PROTEIN KINASE DURING SYNAPTOGENESIS 
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INTRODUCTION 
During neuromuscular synaptogenesis, structural and functional 
reorganization occurs in both the presynaptic neuron and in the postsynaptic muscle 
target. Acetylcholine receptors have been shown to be clustered at the junctional 
folds of synaptic contact sites (Anderson and Cohen, 1974; Robitaille et al., 1990; 
Cohen, et al., 1991). It has also been demonstrated that it is the contact of the growth 
cone with the muscle fiber that induces the aggregation of acetylcholine receptors to 
this synaptic site (Anderson and Cohen, 1977; Anderson et al., 1977; Sevan and 
Steinbach, 1977). 
The reorganization of the postsynaptic apparatus is mediated by the release 
of agrin from the presynaptic motoneuron (McMahan and Wallace, 1989; McMahan, 
1990; Reist et al., 1992). Release of agrin from the motoneuron upon target contact 
acts as an anterograde signal to organize a number of elements on the postsynaptic 
muscle fiber, such as acetylcholinesterase, butylcholinesterase, heparin sulfate 
proteoglycan (a basal lamina component), and acetylcholine receptors as well as a 
43 kD acetycholine receptor-associated protein (McMahan, 1990). 
Conversely, contact with the postsynaptic muscle target causes a 
reorganization of the presynaptic motoneuron. Xie and Poo (1986) have shown that 
contact with muscle fibers results in an increase in the spontaneous release of 
neurotransmitter in Xenopus. Additionally, muscle contact has been shown to 
enhance action potential-evoked transmitter release from motoneurons (Sun and 
Poo, 1987). It has also been demonstrated that muscle contact organizes the 
ultrastructural development of the active zone (Buchanan et al., 1989). These results 
could be due to specific changes in the presynaptic resting calcium level (Dai and 
Peng, 1992; Zoran et al., 1992; Zoran et al., 1993), changes in the responsivity of the 
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secretory apparatus to calcium (Zoran et al., 1990), or possibly due to an 
enhancement of calcium influx in response to action potentials. 
In chemical synapses, the release of neurotransmitter is stimulated by the 
influx of calcium through voltage-dependent calcium channels (Katz, 1969; Llinas 
et al., 1981; Augustine et al., 1987; Smith and Augustine, 1988; Stanley, 1991). These 
calcium channels have been shown to be more concentrated at presynaptic terminals 
than at other sites along the length of the axon (Stockbridge and Ross, 1984). In 
neuromuscular synapses, calcium channels are specifically localized to the active 
zones of the nerve terminal (Heuser et al., 1979; Pumplin et al.,1981, Robitaille et al., 
1990; Cohen et al., 1991). Freeze-fracture studies have shown intramembraneous 
particles, thought to be calcium channels, located adjacent to sites of exocytosis 
(Heuser et al., 1979; Pumplin et al., 1981). Direct visualization of calcium channels 
using fluorescently-labeled w-conotoxin has demonstrated clusters of calcium 
channels at presynaptic active zones, which are in register with the junctional folds 
of the postsynaptic muscle fiber (Robitaille et al., 1990; Cohen et al., 1991). 
While much has been elucidated about the developmental regulation of the 
postsynaptic apparatus, little is known about the developmental mechanisms 
regulating the spatial expression of functional presynaptic calcium channels. The 
goal of the present studies was to study the mechanisms regulating the presynaptic 
calcium handling following contact with an appropriate postsynaptic muscle target. 
Cholinergic buccal motoneuron 19 (B19) of Helisoma trivolvis forms chemical 
synapses with muscle fibers from its in vivo synaptic target, the supralateral radula 
tensor (SLT) muscle, when plated together in culture conditions (Zoran et al., 1989; 
Zoran et al., 1990). B19 does not form chemical synapses when plated together with 
inappropriate target neurons (Haydon and Kater, 1988; Haydon and Zoran, 1989). 
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This system of an identified neuromuscular synapse permits high-resolution 
studies of synaptogenesis at a neuromuscular junction, with the special ability to 
observe regulatory changes occurring in the presynaptic neuron following contact 
with individual fibers from the appropriate in vivo target muscle. 
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MATERIALS AND METHODS 
Neuron isolation 
All experiments were preformed on adult specimens of the ORl strain of the 
freshwater pond snail Helisoma trivolvis. The animals were maintained in aquaria at 
22 to 250c, and were fed a diet of lettuce and Purina trout chow. The snails were 
deshelled using a forceps to break the shell away form the body of the animal. The 
animals were placed into a solution of 25% Listerine in antibiotic saline (ABS; 
Table 1; Wong et al., 1981) for 2 to 10 minutes. 
During the dissection, the snails were pinned dorsal side up in a silicon 
rubber (Sylgard 182 silicon; Dow Corning, Midland, MI)-coated glass petri dish, 
and bathed in ABS. An incision was made on the dorsal surface from the mantle to 
the level of the tentacles. The lateral body wall was then pinned to the silicon rubber 
exposing the buccal mass and the underlying nervous system. The buccal ganglia 
along with a short piece of the esophagus were isolated and placed into ABS. The 
ganglia were then treated with a 0.15% solution of trypsin (Sigma Chemical 
Company; Type III) in defined medium (DM; Table 1; Wong et al., 1981) for 10 to 
15 minutes. 
The trypsin-treated ganglia were pinned into a dissecting dish. A slit was cut 
in the connective sheath with an electrolytically-sharpened tungsten microknife. 
The neuron of interested was removed form the ganglion using suction from a fire-
polished glass pipette (100mm tip diameter). The isolated neurons were plated into 
glass-bottom culture dishes containing 2ml of conditioned medium (CM). CM was 
obtained by incubating 20 central ganglia in 10ml of DM for 3 days (Wong et al., 
1981). These culture conditions promote neurite outgrowth. 
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Muscle dissociation 
Supralateral radula tensor muscle fibers and muscle fibers from the penis 
retractor muscle (PRM) were isolated using a technique modified from Zoran et al. 
(1989). Individual muscles were dissected out of the animal, and washed three times 
in ABS for 15 minutes each wash. The muscles were then incubated in 
collagenase/dispase (iromVibrioalginolyticus/Bacillus ploymyxa; Boeringer 
Mannheim, Indianapolis, IN) (1.5mg/ml of DM; pH 7.6) for 10 to 14 hours in a 30ml 
glass beaker at 28 to 320C. Muscles were washed three times with DM, and then 
transferred into a Fisher borosilicate glass culture tube (12 x 75mm). Muscle fibers 
were dissociated by slow aggitation. All glassware used in the dissociation process 
was precoated with 0.5% bovine serum albumin (BSA) to prevent muscle fibers from 
adhering to the glass. 
Dissociated muscle fibers were maintained in DM in BSA-coated Falcon 
culture dishes #1008 at 40C for up to seven days. Single muscle fibers were plated 
into contact with the neurites of cultured neurons B19. In some studies where there 
was sustained contact between the neurites of neurons B19 and SLT muscle fibers, 
muscle fibers were allowed to contact the neurites for 14 to 26 hours before 
measuring intracellular calcium levels. In studies involving acute SLT or PRM fiber 
contact, muscle fibers were micromanipulated into contact with the neurites of 
neurons B19 using a fire-polished micropipette, which was connected to a 
microsyringe (Gilmont microsyringe, 0.2ml) used to supply positive pressure. 
Culture dishes 
The glass-bottom dishes used for cell culture were constructed by first drilling 
a 5mm diameter hole into the bottom of a Falcon #1008 cell culture dish. A No. 1 
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Coming glass coverslip (22mm) which had been sequentially washed in xylene, 
acetone, and 100% alcohol was then attached to the bottom of the dish using silicon 
rubber (Sylgard 182 silicon; Dow Corning, Midland, MI). The silicon rubber was 
cured at 7QPC for at least two hours. The dishes were then transferred to the laminar 
flow hood. The glass wells were then coated overnight with poly-L-lysine (Mol. Wt. 
70,000 to 150,000; Sigma, Saint Louis, MO). The dishes were then washed two times 
with sterilized, double-distilled water, and are again rinsed with sterile double-
distilled water two times for at least one hour each. The water is then removed from 
the dish, and the dish is allowed to dry. The dishes are then placed into a sealed 
Tupperware container, and are not used for cell culture for at least 24 hours. 
Calcium imaging 
The calcium-sensitive, membrane-impermeable pentapotassium salt of fura-2 
(Grynkiewicz et al., 1985; Molecular Probes, Inc., Eugene, OR) was used to measure 
intracellular calcium levels. Fura-2 was pressure injected into the cell body of 
neurons B19 using a Picospritzer II (General Valve, Fairfield, NJ). Fura-2 was 
dissolved in a solution of lOmM N-2-Hydroxy-ethylpiperazine-N'-2-ethanesulfonic 
acid (pH 7.3 using KOH) (Sigma; Saint Louis, MO) to make a lOmM Fura-2 injection 
solution. The concentration of fura-2 in the neuron was about lOOmM. Fura-2 was 
allowed to diffuse throughout the neuritic arbor prior to image acquisition. 
The neurites of neurons B19 were examined using a Nikon Diaphot inverted 
microscope through a 40X oil-immersion objective. Sites of neurite-muscle contact, 
or neurite-neurite contact were visualized using a combination of phase optics, and 
fluorescence. Regions immediately adjacent contact sites were selected for calcium 
accumulation measurements. Neurons that had sustained contact (>14 hours) with 
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SLT muscle fibers generally had multiple sites of neurite-muscle contact, while 
micromanipulation of a single muscle fiber, either from the SLT or from the PRM, 
onto the neurites of a neuron B19 for acute contact studies resulted in only one or 
two contact sites. 
Fura-2 fluorescence was excited by a xenon-arc lamp using 340nm and 380nm 
bandpass filters. Neutral density filters were placed in the light path to attenuate the 
light signal to prevent cell damage, and to reduce photobleaching of fura-2. Fura-2 
emission (510 DF 40nm filter) was collected using a silicon intensified target (SIT) 
camera (Hammamatsu). Raw 340nm and 380nm images were digitized and stored 
using a Quantex QX-7 image processor. Image processing and analysis were 
performed using QFM quantitative fluorescence software (Quantex Corp., CA), or 
Image-l/FL quantitative fluorescence software (Universal Imaging Corporation, 
West Chester, PA). 
Background subtracted images were used to obtain ratioed images 
(340nm/380nm), from which the internal calcium concentrations were calculated 
using the formula: 
[Ca2+] = Kd[(R - Rmin)/(Rmax - R)] (F0/F5), 
where Kd is the dissociation constant for fura-2/Ca2+, which has been calculated to 
be 214nM (Cohen et al., 1987), R is the ratio of fluorescent intensities at 340nm and 
380nm, Rmin and Rmax are the ratios at zero calcium and at saturating calcium, 
respectively, and Fq/Fs is the ratio of the intensities of free and bound fura-2 at 
380nm (Grynkiewicz et al., 1985). The system was calibrated using lOOmM fura-2 
in solutions that were iso-osmotic with H. tr'wolvis hemolymph (130 mOsm), and 
containing no added calcium and 5mM ethylene glycol bis-(b-aminoethyl ether) N, 
N, N', N'-tetraacetic acid (EGTA; Sigma, Saint Louis, MO) for a zero-calcium 
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medium, or containing a saturating level of calcium (4mM). Calibration solutions 
were imaged in sandwich-chambers constructed using 20mm thick capillaries (Vitro 
Dynamics; NJ) and glass coverslips (No. 1 Corning) (Diagram 1) to maintain a 
constant path length for obtaining accurate estimates of Fo/Fg. R values were also 
calibrated in neurons using zero-calcium, EGTA saline, and 20mM 4-bromo A23187. 
Calibrations performed in neurites yielded R values to be 0.7X those found in the 
coverslip calibrations. Estimates of internal calcium use these corrected Rmin and 
Rmax values. 
All of the data is presented in a mean ± standard deviation format. A 
Student's T-test was used to determine statistical significance. 
Protein kinase studies 
The activity of protein kinases was perturbed using a variety of 
pharmacological tools. Bath addition of H-7 (lOOmM; l-(5-isoquinoline-sulfonyl)-2-
methylpiperazine dihydrochloride; Seikagaku America Inc.) (Hidaka et al., 1984; 
Kawamoto, and Hidaka, 1984) was used to inhibit the activities of cyclic nucleotide-
dependent protein kinases, and protein kinase C. H-7 was stored at 4^C as a atock 
solution in double-distilled water. The adenosine 3':5'-cyclic monophosphate 
(cAMP) analog pCPTcAMP (8-(4-chlorophenylthio)-adenosine 3':5'-cyclic 
monophosphate; Sigma) was made fresh on the day of the experiment, and added 
directly to the culture medium. 
To selectively inhibit the activity of cAMP-dependent protein kinase, we 
injected the synthetic peptide inhibitor of cAMP-dependent protein kinase, IP20 
(electrode concentration: lOOmM in double-distilled water) into the neuronal soma. 
IP20 is a 20 amino acid peptide which corresponds to the active site of rabbit skeletal 
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muscle inhibitor protein (amino acid sequence: TTYADFIASGRTGRRNAIHD; 
Sigma). Time (>20 minutes) was allowed for the peptide to diffuse throughout the 
neurites before images were acquired. The estimated somal concentration of IP20 is 
in the range of 100-1,OOOnM, with a likely upper limit of lOOnM in the distal neurites, 
where experiments were performed. Previous studies have reported that IP20 half-
maximally inhibits cAMP-dependent protein kinase at lOnM (Cheng et al., 1986). 
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Table 1. Content of salines and culture medium 
ABS DM^ 
in mM in mM 
NaCl 51.3 40.0 
CaCl2 4.1 4.1 
KCl 1.7 1.7 
MgCl2 1.5 1.5 
HEPES 10.0 10.0 
Gentimycin Sulfate (Sigma) 150mg/ml 50mg/ml 
L-Glutamine (Gibco) 0.15 mg/ml 
L-15 (Leibovitz) (see Table 2) 50% 
^DM is filtered through a 0.2mm filter unit (Nalgene). 
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Table 2. Contents of L-15 special order formula culture medium 
Leibovitz-15 Medium 
50% dilution in mM 
D(+) Galactose 2.5 
Phenol Red 0.01 
Sodium pyruvate 2.5 
Amino Acids in mM 
DL-a-Alanine 2.5 
L-Arginine (free base) 1.44 
L-Asparagine 0.95 
L-Cysteine (free base) 0.50 
L-Glutamine 1.03 
Glycine 1.33 
L-Histidine (free base) 0.81 
DL-Isoleucine 0.95 
L-Leucine 0.48 
L-Lysine (free base) 0.26 
DL-Methionine 0.50 
DL-Phenylalanine 0.76 
L-Serine 0.95 
DL-Threonine 2.52 
L-Tryptophan 0.05 
L-Tyrosine 0.83 
DL-Valine 0.85 
Vitamines in mM 
DL-Ca pantothenate 1.01 
Choline chloride 3.58 
Folic acid 1.05 
i-Inositol 5.55 
Nicotinamide 4.09 
Pyridoxine HCl 2.43 
Riboflavin-5'-phosphate, sodium 0.13 
Thiamine monophosphate 1.48 
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RESULTS 
Synaptic target causes a localized presynaptic enhancement of calcium influx 
In order to study the effect of target contact on calcium dynamics in a 
presynaptic neuron, I determined whether contact between buccal motoneuron 19, 
(B19), and muscle fibers from its synaptic target the supralateral radular tensor, 
(SLT), altered the profile of calcium accumulation in response to presynaptic action 
potentials. Neurons B19 were plated into cell culture and allowed to extend neurites 
for three to five days, whereupon single dissociated SLT muscle fibers were then 
plated into contact with neuron B19's neurites. In order to measure changes in 
calcium accumulation in response to action potentials, neurons were injected with 
the calcium-sensitive dye fura-2. Trains of action potentials were then evoked in 
neurons B19 (4Hz, 2 second duration), and the calcium accumulation (peak calcium 
level following stimulation - average resting calcium level prior to stimulation) was 
measured in test neurons at sites of neurite-muscle contact, and in the neurites of 
parallel control neurons that were cultured in the same culture dish, but were not in 
contact with muscle fibers. 
Neurons B19 that had not contacted SLT muscle fibers exhibited a uniform 
profile of calcium accumulation in response to action potentials (Figure 1). Calcium 
levels were measured immediately before and following a train of action potentials 
evoked in neuron B19 (4Hz, 2 second duration). Action potentials caused a uniform 
calcium accumulation in neurites of neuron B19 that never exceeded 400nM 
(mean ± standard deviation; 234 ± 88nM; n = 54 regions of interest in 14 neurons; 
Figures 1 and 2a). By contrast, action potential-evoked calcium accumulation was 
locally enhanced in regions of test neurons which had contacted synaptic target 
Figure 1. Sustained contact (24 hours) with synaptic target muscle causes a 
localized enhancement of calcium accumulation in presynaptic neuron 
B19 
A) shows a pair of ratio images of the calcium levels in neuron B19 cultured 
alone. Ai shows the resting calcium level, and Ai shows the calcium level due 
to a train of action potentials. Action potentials caused a change in calcium from 
llOnM to 297nM in this preparation. Due to the ratio scale needed to display the 
calcium levels in Ci and C2, the change in calcium level between Ai and A2 is 
detectable only as a small change in the shade of blue on the pseudocolor display. 
B) shows a combined bright-field and fluorescence image (380nm excitation) to 
demonstrate the location of a muscle fiber which had been in contact with the 
neurites of neuron B19 for 24 hours. C) The preparation shown in (B) was used 
to assess the action of SLT muscle on calcium accumulation. At rest (Ci), the 
calcium level of B19 was 150nM, while following action potentials (C2) the local 
calcium level at the site of SLT muscle contact was 191 OnM. Note that this 
enhanced accumulation is located at sites of contact, with a dissipating calcium 
gradient with distance from the contact site. 
21 
Action 
Potentials 
>2000 
Action 
Potentials 
22 
muscle fibers (>14 hours of contact). The enhanced calcium accumulation was 
greatest at sites of SLT muscle contact. Figure Ic shows that the stimulation of 
presynaptic motoneuron B19 (4Hz, 2 second duration) caused a local elevation of 
calcium greater than ISOOnM at the site of contact, while 100mm distal to the contact 
site calcium was elevated to only 650nM. At 38 sites of SLT muscle fiber contact 
from 14 neurons B19 the calcium accumulation always exceeded 600nM and at 7 
contact sites the calcium accumulation level exceeded 2,000nM (Figure 2a). At sites 
in these neuritic arbors where there was no muscle contact (n = 11 regions in 10 
neurons) the average calcium accumulation was 271 ± 60nM, demonstrating that the 
enhancement of calcium accumulation is localized to the site of SLT muscle contact. 
In addition to locally enhancing action potential-evoked calcium accumulation, 
contact with SLT muscle fibers elevated the resting calcium level from 78 ± 26nM 
(n = 54 regions in 14 neurons) to 117 ± 37nM (n = 45 regions in 14 neurons) in 
agreement with Zoran et al., 1993. 
To determine whether calcium influx is required for the enhanced calcium 
accumulation at neurite-muscle contact sites, the calcium channel blocker cadmium 
(Cd^"*") was added to the bathing medium. Action potential-evoked calcium 
accumulation was reversibly abolished by brief incubation in 200mM Cd2+-
containing medium (n = 7 regions in 5 neurons. Figure 2c). This is consistent with 
calcium influx being required for enhanced calcium accumulation. 
In vivo, and in cell culture, neuron B19 forms electrical, but not chemical 
connections with other neurons B19. To determine whether the target-induced 
enhancement of calcium accumulation is specific to the formation of a chemical 
synapse, pairs of neurons B19 were allowed to extend neurites and form mutual 
electrical synapses. Calcium accumulation in response to action potentials in paired 
Figure 2. Nerve-muscle contact causes a localized elevation of calcium influx 
A) The calcium accumulation due to a train of action potentials was estimated 
in neurons B19 cultured alone; cultured with a normal partner for electrical 
synapse formation, SLT muscle fibers; or cultured with a normal partner for 
electrical synapse formation, other neurons B19. Frequency distribution 
histograms of calcium accumulation (peak calcium level - resting calcium level) 
in each cell configuration is shown. Neurons cultured alone (n = 54 regions in 
14 neurons), or with the target for electrical synapses (n = 22 regions in 7 
neurons) had action potential-evoked calcium accumulation levels of less than 
600nM, while in neurons cultured with muscle fibers from the synaptic target, 
the SLT (n = 45 regions in 14 neurons), the calcium accumulation always 
exceeded 600nM. B) The calcium profile in response to action potentials shows 
the greatest calcium level at the site of SLT muscle contact. This graph shows the 
profiles of calcium levels at SLT muscle contact sites (Op.m), and distally along the 
length of neurites immediately following a train of action potentials (4Hz for a 
duration of 2 seconds) at 9 contact sites in 4 neurons B19; error bars represent 
± 1 standard deviation. C) Calcium influx is involved in target-induced 
enhancement of calcium accumulation, which is shown in this representative 
preparation. The arrows indicate the initiation of the train of action potentials. 
Addition of the calcium channel blocker Cd2+ (200|iM) blocks the enhanced 
action potential-evoked calcium accumulation seen at SLT muscle contact sites. 
Upon washout, calcium accumulation returns toward the level seen before the 
addition of Cd^+. A representative trace of the action potentials is also shown in 
the inset. 
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neurons B19 was measured at sites of neuron-neuron contact. Neuron B19 pairs, 
following sustained contact (greater than 14 hours) with each other, exhibited 
uniform profiles of action potential-evoked calcium accumulation throughout the 
neuritic arbor (267 ± 102nM; n = 22 regions in 7 neurons). Action potential-evoked 
calcium accumulation seen in neuron B19 pairs was similar to the calcium 
accumulation levels observed in control neurons having no contact with muscle fiber 
(234± 88nM; Figure 2a). Additionally, when neurons B19 were allowed to contact 
buccal neuron 5 (B5) a novel neuronal target with which B19 does not form a 
chemical synapse (Refs.), calcium accumulation levels in B19 at neurite-neurite 
contact sites were 220 ± 123nM (n = 19 regions in 5 neurons). Taken together, these 
data demonstrate that correlated with the process of chemical synaptogenesis, 
recognition of B19's postsynaptic muscle target, the SLT, causes a localized 
enhancement of calcium influx during the early stages of the formation of a 
functional chemical synaptic terminal. 
The time-course of the development of enhanced calcium accumulation 
Synaptogenesis between neuron B19 and its target muscle fibers progresses 
over a period of many hours, such that action potential-evoked neurotransmitter 
release is not detected until several hours following initial nerve-muscle contact 
(Zoran et al., 1989; Zoran et al., 1990). It was determined whether muscle-induced 
enhanced of calcium accumulation similarly requires several hours of muscle fiber 
contact to be established. 
Calcium accumulation was first measured in a neuron B19 that had been 
cultured alone. A single muscle fiber was then manipulated into contact with the 
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previously imaged region of the neuritic arbor. Action potential-evoked calcium 
accumulation began as soon as 10 minutes after muscle fiber contacted the neurite, 
and reached a peak after 30 to 45 minutes of contact (n = 29 regions in 19 neurons; 
Figure 3). Prior to SLT fiber contact, action potential-evoked calcium accumulation 
was 228 ± 82nM. Following 30 minutes of contact, it had reached a new stable level 
of accumulation of 803 ± 212nM (P<0.005). This action is specific to contact with the 
SLT muscle, since contact with fibers from the penis retractor muscle did not lead to 
an enhancement of calcium accumulation. Prior to contact with fibers from the penis 
retractor muscle the action potential-evoked calcium accumulation was 175 ±62nM 
(n = 6 regions in 5 neurons; P>0.1). Thus, SLT muscle causes a rapid, local 
reorganization of calcium accumulation in neuron B19, which is detected as early as 
10 minutes following neuron-muscle contact. 
Sustained contact with SLT muscle fiber is required for the stable expression of 
enhanced calcium accumulation 
To determine whether the enhancement of calcium accumulation required the 
sustained presence of the SLT muscle fiber, the muscle fiber was removed from the 
neurite once the level of action potential-evoked calcium accumulation had reached 
a plateau (n = 7 regions in 4 neurons). Figure 4 shows one example where action 
potentials evoked a calcium accumulation of 196nM in neurites prior to SLT muscle 
fiber contact. Within 15 minutes of SLT muscle contact, the action potential-evoked 
calcium accumulation increased to 406nM, and following 25 minutes of contact had 
reached a new stable level of about 760nM. When the muscle was removed after 64 
minutes of contact, the action potential-evoked calcium accumulation dissipated 
following removal of the muscle fiber. Thus, SLT muscle fibers cause a rapid 
Figure 3. SLT muscle fibers rapidly stimulate enhanced presynaptic calcium 
accumulation 
SLT muscle fibers were micromanipulated into contact with fura-2-filled 
neurites of neuron B19 while repeatedly monitoring the calcium accumulation 
due to action potentials (n = 29 regions in 19 neurons). Within 10 minutes of 
nerve-muscle contact, presynaptic calcium accumulation increased, and by 30 to 
45 minutes, this accumulation reached a new steady-state value. The 
enhancement of calcium accumulation is significant (P<0.005) after 20 minutes 
of contact (*). 
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Figure 4. SLT muscle contact reversibly enhances presynaptic calcium 
accumulation 
(A - C) show action potential-evoked changes in calcium level in a neuron B19 at 
different times after muscle contact (A and B), and following removal of the 
muscle (C). Contact with the muscle increases action potential-evoked calcium 
accumulation (A,B), and after the removal of the muscle (C) there is a delayed 
reduction in calcium accumulation. D) shows the accumulation of calcium due 
to action potentials (peak calcium level - resting calcium level) and the effect of 
transient SLT muscle fiber addition in the same preparation. 
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enhancement of action-potential evoked calcium accumulation which requires 
contact with muscle fiber for its stable expression during this early period. 
H-7 blocks the induction of enhanced calcium accumulation 
The mechanisms which mediate SLT muscle fiber-induced enhancement of 
action potential-evoked calcium accumulation were investigated. Based on the time-
course of the enhancement, it was determined if a protein phosphorylation event 
was involved in the mediation of the enhancement of calcium accumulation. To 
evaluate the involvement of a protein phosphorylation event, it was determined 
whether the protein kinase inhibitor H-7 prevented induction of muscle-induced 
enhancement of calcium accumulation. H-7 (40 to lOOmM) was added to the 
cultures of neurite-bearing neurons B19 prior to (>1 hour) determining whether SLT 
muscle could induce an enhancement of action potential-evoked calcium 
accumulation 
Neurons 519 were filled with fura-2, and calcium accumulation levels were 
measured. In the presence of H-7, calcium accumulation due to action potentials 
prior to SLT fiber contact (241 ± 92nM; n = 23 regions in 10 neurons) was not 
different from the accumulation in parallel control neurons (234 ± 88nM; n = 54 
regions in 14 neurons); P>0.1). SLT fibers were then manipulated into contact with 
the imaged regions of the neurites. Thirty to 45 minutes after SLT muscle contact, 
the calcium accumulation levels due to action potentials remained unchanged 
(232 ± 102nM; n = 13 regions in 10 neurons) in the presence of H-7. 
Indistinguishable results were obtained with 40 and lOOmM H-7. In parallel 
controls, SLT muscle enhanced the calcium accumulation to 936 ± 96nM (n = 12 
32 
regions in 7 neurons). Thus, the protein kinase inhibitor H-7 blocked the induction 
of enhanced calcium accumulation. 
At the concentrations used, H-7 inhibits the activity of protein kinase C 
(PKC), cAMP-dependent protein kinase, and cGMP-dependent protein kinase, the 
potential roles of individual kinases were investigated. The role of PKC in 
regulating calcium accumulation was assessed by the addition of a phorbol ester 
(phorbol 12-myristate 13-acetate; PMA; Sigma) to neurons B19 that had not 
contacted SLT muscle. PMA (100 to 200mM) was added to the bath, and after 10 
minutes, the action potential-evoked calcium accumulation was measured. The 
presence of PMA had no effect on calcium accumulation; calcium accumulation in 
the presence of PMA was 243 ± 70nM (n = 17 regions in 7 neurons), while calcium 
accumulation in control neurons, which were plated alone, was 252 ± 74nM (n = 13 
regions in 5 neurons;P>0.1). 
cAMP-dependent protein kinase enhances calcium accumulation 
Addition of the cAMP analog pCPTcAMP (0.5 to ImM) mimicked the action 
of SLT muscle fiber contact on action potential-evoked calcium accumulation. 
Following bath application of pCPTcAMP, the action potential-evoked calcium 
accumulation was enhanced from 154 ± 55nM (n = 32 regions in 10 neurons) to 
728 ± 267nM (n = 32 regions in 10 neurons; P<0.001) after 15 minutes of pCPTcAMP 
application (Figure 5a). pCPTcAMP application uniformly elevated action potential-
evoked calcium a cumulation throughout all of the neurites of neuron B19. This 
action is reversible, since the calcium accumulation returned toward its initial value 
(133 ± 53nM; n = 24 regions in 8 neurons) within 15 minutes of pCPTcAMP washout. 
Figure 5. The cAMP analog, pCPTcAMP, mimics the action of SLT muscle in 
enhancing action potential-evoked calcium accumulation 
A) shows the action potential-evoked changes in calcium levels in neuron B19 
cultured alone (left panel). Initially, action potentials cause a small change in the 
calcium level in B19. Eighteen minutes following pCPTcAMP addition (500p,M) 
(middle panel) calcium accumulation is dramatically enhanced. Fifteen minutes 
following pCPTcAMP washout (right panel), action potential-evoked calcium 
accumulaiton returns to control levels. B) shows the time course of the 
enhancement of action potential-evoked calcium accumulation in response to 
pCPTcAMP. C) shows a control series of action potential-evoked calcium 
transients in a neuron B19. In control conditions (1) action potentials cause a 
small calcium transient while this is augmented 20 minutes after pCPTcAMP 
addition (2). Addition of SLT muscle for 35 minutes, in the presence of 
pCPTcAMP (3), does not augment the calcium transient beyond that detected in 
pCPTcAMP alone. Twenty minutes following washout of pCPTcAMP and 
removal of the muscle fiber, calcium accumulation returns toward control levels 
(4). D) presents histograms showing the estimated calcium accumulation due to 
trains of action potentials in the experimental configurations used in (A - C) (n = 
12 regions in 5 neurons). pCPTcAMP and SLT muscle fiber addition both 
significantly enhance the calcium accumulation compared to the level in 
neurons cultured alone (P<0.005). 
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To determine whether SLT muscle might use a cAMP-dependent pathway in 
mediating its action on presynaptic action potential-evoked calcium accumulation, I 
asked whether the coincident application of pCPTcAMP and acute muscle fiber 
contact had additive actions on calcium acccumulation. Addition of pCPTcAMP 
enhanced calcium accumulation from 160 ± 61 nM to 694 ± 61 nM (n = 21 regions in 
7 neurons; P<0.005). The subsequent addition of SLT muscle fiber in the presence of 
pCPTcAMP did not cause a further enhancement of action potential-evoked calcium 
accumulation. In the presence of pCPTcAMP, action potential-evoked calcium 
accumulation was 694 ± 61 nM, and following contact with SLT muscle fiber, calcium 
accumulation remained unchanged at 722 ± 65nM (P>0.1) (Figure 5d). Taken 
together with the ability of H-7 to block the SLT muscle fiber-induced enhancement 
of calcium accumulation, this observation is consistent with the possibility that SLT 
muscle regulates local calcium accumulation through a cAMP-dependent pathway. 
The involvement of cAMP-dependent protein kinase was critically evaluated 
by injecting the synthetic peptide IP20 (Cheng et al., 1986), which specifically 
inhibits the activity of cAMP-dependent protein kinase, into neurons B19. After 
greater than 20 minutes following IP20 injection, the actions of SLT muscle fiber 
contact, and pCPTcAMP application on action potential-evoked calcium 
accumulation were measured. Addition of pCPTcAMP (500mM; n = 15 regions in 5 
neurons) had no effect on action potential-evoked calcium accumulation levels 
following the injection of IP20, confirming that IP20 had blocked the activity of 
cAMP-dependent protein kinase in neuron B19 (Figure 6). The action potential-
evoked calcium accumulation in IP20-injected neurons cultured alone was 
143 ± 50nM and 148 ± 45nM following acute muscle contact (n = 12 regions in 5 
neurons; P<0.001). 
Figure 6. The inhibitor peptide IP20 blocks the SLT muscle-induced 
enhancement of calcium influx 
A) The calcium level was estimated in a region of neuron B19 neurites, and the 
effects of SLT muscle and pCPTcAMP were determined on action potential-
evoked calcium accumulation. This graph shows eight panels each representing 
a calcium transient at a different time point, but in the same region of neurites 
during a sequential experiment in one cell. Addition of SLT muscle enhanced 
calcium accumulation (peak calcium level - resting calcium level) from 218nM 
to 779nM after 30 minutes of contact (panels 1 to 2). Twenty minutes after 
removal of the muscle fiber (panel 3), the size of the calcium transient reduced to 
control levels. Addition of pCPTcAMP, mimicked the action of SLT muscle, 
enhancing calcium accumulation due to action potentials (panel 4; 15 minutes). 
After washout of pCPTcAMP, the calcium transient returned to control levels 
and the inhibitor peptide, IP20, was micro-injected into the neuronal somata. 
Seventeen minutes after peptide injection, the calcium accumulation remained 
at control levels (panel 5). In the presence of presynaptic IP20/ the addition of 
either muscle (panel 6; 30 minutes of contact) or pCPTcAMP (15 minutes) failed 
to elevate the action potential-evoked calcium transient. B) shows pooled data 
(n = 5) which demonstrates that IP20 injection blocks the ability of muscle or 
pCPTcAMP (SOOfxM) to enhance action potential-evoked calcium accumulation. 
Asterisks indicate conditions which significantly enhance calcium accumulation 
in neuron B19 (P<0,005). 
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Figure 6a shows one example of this experiment The action potential-evoked 
calcium accumulation in a neuron B19 cultured alone increased from 218nM to 
779nM 30 minutes following contact with SLT muscle fiber. Twenty minutes after 
the removal of this muscle fiber calcium accumulation declined to lOlnM. 
Subsequent addition of pCPTcAMP (500mM) caused an enhancement of the calcium 
accumulation to 592nM. After pCPTcAMP washout, and reversal of its action on 
calcium accumulation levels, IP20 was injected intrasomatically into B19. Seventeen 
minutes later, calcium accumulation was 97nM. Subsequent addition of either SLT 
muscle, or pCPTcAMP, failed to enhance action potential-evoked calcium 
accumulation. Taken together, these data demonstrate that a retrograde signal from 
SLT muscle activates cAMP-dependent protein kinase to cause a localized 
enhancement of action potential-evoked calcium accumulation in B19. 
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DISCUSSION 
It is well established that following contact between future synaptic partners 
there is an exchange of information which reorganizes both the pre- and post­
synaptic elements of the synapse (Anderson et al., 1977; Bevan and Steinbach, 1977; 
Xie and Poo, 1986; McMahan and Wallace, 1989; Buchanan et al., 1989). Studies of 
postsynaptic development have elegantly demonstrated that contact by a growth 
cone causes clustering of the postsynaptic acetylcholine receptors at the contact zone 
(Anderson et al., 1977; Bevan and Steinbach, 1977), in an appropriate spatial location 
to detect released neurotransmitter. Agrin a basal lamina protein (McMahan and 
Wallace, 1989; McMahan, 1990), which is synthesized and transported to axon 
terminals of motoneurons, is capable of inducing acetylcholine receptor clustering 
(Reistet ah,1992). 
In conjunction with the presynaptic regulation of the postsynaptic apparatus, 
the postsynaptic cell regulates the development of a growth cone into a synaptic 
terminal. Contact between muscle fibers and growth cones increases the 
spontaneous release of neurotransmitter from Xenopus neurons (Xie and Poo, 1986), 
and causes ultrastructural development of the active zone (Buchanan et al., 1989). 
Furthermore, the evoked release of neurotransmitter is enhanced following contact 
with the postsynaptic muscle fiber (Sun and Poo, 1987). This is likely to be due to 
changes in presynaptic resting calcium levels (Peng et al., 1992; Zoran et al., 1993), 
calcium-responsivity of the secretory apparatus (Zoran et al., 1990), and enhanced 
calcium influx during action potentials. However, little is known about the 
mechanisms underlying the retrograde regulation of presynaptic development. 
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Contact with target muscle fibers causes a dramatic enhancement of action 
potential-evoked calcium accumulation at sites of contact with the neurites of 
presynaptic development. This enhanced calcium accumulation is specifically 
related to the formation of chemical synapses, since contact with other neurons B19, 
which leads to the formation of electrical synapses, does not induce enhanced 
calcium accumulation. These studies are consistent with the initial retrograde 
induction of presynaptic enhancement being due to cAMP-dependent protein 
kinase. 
H-7, the membrane-permeant inhibitor of cAMP- and cGMP- dependent 
protein kinases and of protein kinase C, blocked the action of SLT muscle on calcium 
accumulation. pCPTcAMP, an analog of cAMP, mimics the action of SLT muscle, 
and IP2O/ the peptide inhibitor of cAMP-dependent protein kinase, blocks both the 
action of pCPTcAMP and of target muscle on action potential-evoked calcium 
accumulation. Further studies are required to determine whether target muscle 
causes elevations in neuronal cAMP levels and whether the catalytic subunit of 
cAMP-dependent protein kinase mimics the action of SLT muscle. 
Using fura-2 to detect the accumulation of calcium due to action potentials 
does not discriminate between the potential sites of cAMP-dependent protein kinase 
action. A locally-enhanced calcium current, -reduced potassium current, or 
-reduced calcium extrusion mechanisms would all cause an enhancement of calcium 
accumulation. In Aplysia Bag cells, injection of the catalytic subunit of cAMP-
dependent protein kinase enhances calcium action potentials (Kaczmarek et al., 
1980) and is known to act by reducing a potassium current (Kandel and Schwartz, 
1984), while PMA, which activates protein kinase C, enhances fura-2-detected 
calcium influx due to an increase in calcium current density (Dereimer et al., 1985; 
41 
Strong et al, 1987; Knox et al., 1992). Cyclic AMP-dependent protein kinase 
enhances synaptic transmission at Aphjsia sensory-motor synapses by reducing 
serotonin-sensitive potassium curents (Kandel and Schwartz, 1982; Klien et al., 1982; 
Siegelbaum et al., 1982; Kaczmarek et al., 1984). However, phosphorylation by 
cAMP-dependent protein kinase is known to be crucial for the voltage-dependent 
activity of L-type calcium channels (Armstrong and Eckert, 1987). Thus, the SLT 
muscle fiber-induced action on calcium influx might well have as its final target 
either potassium or calcium channels. Further studies using voltage clamp 
techniques are required to distinguished between these possibilities. Irrespective of 
the target for cAMP-dependent kinase, its action is likely to result in enhanced 
synaptic transmission, since it would allow locally-enhanced calcium influx. 
Cyclic AMP-dependent protien kinase has multiple actions in neuronal 
growth cones. Addition of either forskolin, or dibutyryl-cAMP causes a suppression 
of neurite outgrowth and growth cone motility in neurons of Helisoma when applied 
globally to the neuron (Mattson et al., 1988). Focal application of cAMP to the lateral 
margin of Xenopus neuronal growth cones causes filopodial orientation, and turning 
of the growth cone toward the source of cAMP (Lohof et al., 1992). Taken together 
with the results of this study, this opens the possibility that as the neuronal growth 
cone explores its microenvironment, contact with a synaptic target can cause cAMP-
dependent turning and extension to the target tissue. When the muscle target is 
then reached, further elevations in cAMP may mediate the cessation of neurite 
extension, and finally the induction of synapse formation. 
It is becoming recognized that the act of learning and memory, and the 
development of synapses may utilize common molecular strategies (Kandel and 
O'Dell, 1992). The cellular mechanism of target-induced regulation of presynaptic 
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calcium accumulation, which we have described, uses a mechanism similar to that 
described for learning and memory. In Aplysia, the facilitory neurotransmitters 
serotonin and small cardiac peptide B enhance the release of neurotransmitters from 
sensory-motor synapses (Perioni and Byrne, 1992). These neurotransmitters bring 
about their effects in part through the elevation of presynaptic cAMP and the 
phosphorylation of ion channels (Castellucci et al., 1982; Kandel and Schwartz, 1982; 
Kandel et al., 1986; Blumenfeld et al., 1990). During synaptogenesis, I have similarly 
found that the activity of presynaptic cAMP-dependent protein kinase is required 
for the enhancement of calcium influx. Thus, while the initial stimuli, 
neurotransmitter and muscle, may be different, a common sub-cellular mechanism is 
utilized for the facilitation of synaptic connections during learning and memory. 
The nature of the retrograde signal which causes presynaptic changes during 
synaptogenesis has not been defined. However, separate studies have demonstrated 
that membrane-associated muscle signals are sufficient to mediate the action of 
muscle target on changes in resting calcium level. In addition to the effects 
described, it was previously demonstrated that SLT muscle causes an immediate, 
local elevation of the resting level in presynaptic neurons, and a subsequent global 
change in all neurites of the presynaptic neuron (Zoran et al., 1993). This change in 
resting calcium level is also evoked when SLT muscle membrane extract is added to 
cultures. These data indicate that a SLT-muscle membrane-associated, trypsin-
sensitive molecule(s) is capable of signalling to the presynaptic neuron. 
In conclusion, this study has demonstrated that when the presynaptic 
motoneuron B19 contacts its appropriate synaptic target, the SLT muscle, there is a 
rapid, local change in presynaptic calcium influx at the site of nerve-muscle contact. 
Presynaptic calcium accumulation is enhanced over the course of 30 minutes. Using 
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a combination of pharmacological blockers of protein kinases, and the addition of 
pCPTcAMP, a phosphodiesterase-insensitive, membrane-impermeable analog of 
cAMP, we have demonstrated that the retrograde action of SLT muscle is mediated 
by the action of presynaptic cAMP-dependent protein kinase. 
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PAPER 2. MUSCLE-INDUCED ELEVATION OF THE PRESYNAPTIC RESTING 
CALCIUM LEVEL IS MEDIATED BY PRESYNAPTIC cAMP-
DEPENDENT PROTEIN KINASE 
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INTRODUCTION 
Synapse formation usually begins as soon as an extending axon reaches its 
developing postsynaptic target (Landmesser and Morris, 1975; Kullberg et al,, 1977). 
Over a period of several days, following target contact, the growth cone acquires the 
structural and physiological characteristics a nerve terminal (Purves and Lichtman, 
1985). The transition from growth cone to nerve terminal establishes an orthograde 
flow of information from the presynaptic neuron to its target cell. This flow of 
information is evidenced by the reorganization of acetylcholine receptors and other 
elements of the postsynaptic apparatus in response to the release of agrin from 
motoneurons (McMahan, 1990), and in response to ARIA (Corfas et al., 1993). 
Although a retrograde flow of information from the postsynaptic target to the 
presynaptic neuron has been suspected (Sperry, 1963; Easter et al., 1985), it has only 
been recently that studies have demonstrated that retrograde signals derived from 
targets influence aspects of a neuron's development (Kuwada, 1986; Smith and 
Frank, 1987; Purves et al., 1988; Loer and Kristan, 1989; Baptista et al., 1990; 
Schotsinger and Landis, 1990; Funte and Haydon, 1993; Zoran et al., 1993). Studies 
by Harish and Poo (1992) have shown that G-protein activation of the arachidonic 
acid cascade in a postsynaptic muscle target cell produces a retrograde signal that 
modulates the secretion of neurotransmitter from the presynaptic nerve terminal at 
developing synapses. However, the presynaptic effectors for arachidonic acid are 
unknown. 
Buccal motoneuron 19 (B19) when isolated from the buccal ganglia of 
Helisoma trivolvis, and plated with potential synaptic partners in cell culture, is 
highly specific in its synaptogenesis (Haydon and Zoran, 1989; Zoran et al, 1990). 
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Zoran et al. (1993) have shown that during synaptogenesis in Helisoma nerve-muscle 
coculture, muscle contact elevates the resting calcium set-point in neurons B19. 
Funte and Haydon (1993) have shown that muscle contact also locally enhances 
action potential-evoked calcium accumulation in neurons B19. This muscle-induced 
enhancement of calcium accumulation requires the action of presynaptic cAMP-
dependent protein kinase. This raises the question of whether the elevation of the 
resting calcium set-point in response to muscle contact is also requires cAMP-
dependent protein kinase activity. 
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MATERIALS AND METHODS 
Animals 
All experiments were performed on isolated buccal motoneurons from adult 
specimens of the albino strain of the pond snail Helisoma trivolvis. Animals were 
raised and maintained in aquaria, and were fed a diet of lettuce and Purina Trout 
Chow. 
Neuron-muscle cultures 
Identified neurons B19 were isolated from the buccal ganglia, and plated into 
culture as previously described by Haydon and Zoran (1991). Briefly, motoneurons 
B19 were identified and isolated from the ganglia following an incubation of 10 to 30 
minutes in 0.15% trypsin (Type III; Sigma, Saint Louis, MO). The neurons were then 
plated into poly-L-lysine -coated glass-bottom culture dishes, made from No. 1 
Coming coverslips (22mm), and 35mm Falcon culture dishes (No. 1008), containing 
2ml of conditioned medium (CM). CM was obtained by incubating 20 central 
ganglia in 10ml of defined culture medium (DM; 50% Lebowitz-15 (GIBCO) to 
which L-glutamine (0.15 mg/ml) and inorganic salts were added 40mM NaCl, 
1.7mM KCl, 1.5mM MgCl2/ 4.1 mM CaCl2, lOmM HEPES, pH 7.3,130m0sm). Single 
SLT muscle fibers, normally innervated by neuron B19 in vivo (Zoran et al., 1989), 
were dissociated through a 10 to 14 hour incubation in 4ml of DM containing 
collagenase/dispase (1.5mg/ml) (Boehringer Mannheim) at 28 to 320C. Muscle 
fibers from the penis retractor muscle were dissociated in a similar manner 
following an 8 to 10 hour incubation in the collagenase/dispase solution. 
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Neuron-muscle contacts 
Synapse formation between neuron B19 and an SLT muscle fiber in cell 
culture occurs during a period of 0.5 to 48 hours after the establishment of coculture 
contacts (Zoran et al., 1990). Neurons B19 that had been plated into cell culture were 
maintained in culture conditions for at least three days, during which time they 
extended processes. Single muscle fibers from the SLT were then micromanipulated 
into contact with the neuritic arbor of selected, single neurons B19, using a 
micropipette treated with a solution of 1.0% hemolymph in DM to ensure that the 
micropipette was non-adhesive. Three to four muscle fibers were plated into contact 
with each experimental neuron. Adhesion to neurites was confirmed by the 
application of slight positive pressure to the pipette. In the absence of sufficient 
contact, the muscle fiber was blown off the neurites. The neurons and muscle fibers 
were then cocultured together for greater than 14 hours. Parallel control neurons, 
which had no contact with muscle fibers, were cultured in the same dish as the 
experimental neurons. Following this co-culture period, all neurons, experimental 
and control, were injected with the calcium-sensitive dye fura-2, and the resting 
levels of intracellular calcium in neurites and growth cones were monitored. 
Short-term contacts 
Internal calcium was also studied during acute neuron-muscle contacts. 
Neurons B19, that had been in cell culture for at least three days, were 
intrasomatically injected with fura-2, and the resting calcium levels were measured. 
Internal calcium levels were monitored while single muscle fibers were manipulated 
into contact with the imaged region of the neurites of a neuron B19, and at various 
times following neuron-muscle contact. 
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Protein kinase studies 
The activity of protein kinases was perturbed using various pharmacological 
tools. Bath application of H-7 (40 to lOOmM; l-(5-isoquinolinesulfonyl)-2-
methylpiperazine dihydrochloride; Seikagaku America, Inc.) (Hidaka et al., 1984) 
was used to inhibit the activity of cyclic nucleotide-dependent protein kinases as 
well as protein kinase C. The cAMP analog pCPTcAMP (Sigma) was made fresh on 
the day of the experiment, and was added directly to the culture medium. The 
synthetic peptide inhibitor IP20 was used to selectively inhibit the activity of cAMP-
dependent protein kinase. IP20 was pressure injected (using a Picospritzer II; 
General Valve) into the neuronal soma (injection electrode concentration; lOOmM in 
double distilled water). IP20 is a 20 amino acid peptide which corresponds to the 
active site of rabbit skeletal muscle inhibitor protein (amino acid sequence 
TTYADFIASGRTGRRAIHD; Sigma). Microinjection of IP20 leads to a concentration 
of 100 to l,000nM in the soma, with an upper limit of lOOnM in the neurites, where 
the experiments were performed. Studies have reported that IP20 half-maximally 
inhibits cAMP-dependent protein kinase at lOnM (Cheng et al., 1986). 
Zero calcium/EGTA experimental methods 
Neurons B19, were injected with fura-2, the injection pipette was removed 
and the neurons were allowed to stabilize for 30 minutes. Control measurements of 
resting calcium were then acquired. The culture was then perfused with zero 
calcium/EGTA DM (50% Lebowitz L-15,40mM NaCl, 1.5mM MgCl2,1.7mM KCl, 
2mM EGTA, lOmM HEPES (pH 7.3)), and resting calcium levels were again 
monitored. Following 15 minutes in zero calcium/EGTA, zero calcium/EGTA 
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medium containing 500mM pCPTcAMP was perfused into the culture dish, and the 
resting calcium levels were monitored at various times following the addition of 
pCPTcAMP. 
Calcium imaging 
The calcium-sensitive, membrane-impermeant pentapotassium salt of fura-2 
(Crynkiewicz et al., 1985; Molecular Probes Inc, Eugene, OR) was injected into the 
somata of neurons B19 using pressure pulses (20psi, 4ms). Time was allowed for the 
dye to diffuse throughout the neurites, and for the cells to recover from penetration. 
Hyperpolarizing current was passed through the injection microelectrode to prevent 
the neuron from firing action potentials, which would alter internal calcium 
concentration. Preparations were viewed with a Nikon Diaphot microscope using a 
40X Fluor oil immersion objective. Fura-2 was excitied using 340nm and 380nm 
bandpass filters in conjunction with neutral density filters. Fura-2 emmission (510 
DF filter) was collected using a Hamamatsu SIT camera (Hamamatsu). The images 
were digitized, and stored using a Quantex QX-7 image processor, or using Image-
1/FL quantitative fluorescence software (Universal Imaging Corporation). 
Background-corrected 340nm and 380nm images were ratioed, and used to calculate 
resting calcium levels as previously described (Crynkiewicz et al., 1985; Cohan et al., 
1987). 
Neuronal calcium levels were analyzed during neurite-muscle interactions, 
and during treatment with pharmacological agents. Mean resting calcium levels 
were calculated by averaging the measurements from multiple regions of interest 
from each neuron. Control neurons were analyzed in a similar manner. During 
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these experiments, neurons were impaled with a microelectrode, and 
hyperpolarizing current was injected to prevent action potentials in neurons B19. 
Calcium level estimations were not measured in neurite regions directly 
under muscle fibers due to ratio errors caused by weak background fluorescence of 
the muscle fibers. Instead, calcium levels were measured at sites immediately 
adjacent to the site of muscle contact. Neurons B19 that had sustained contact 
(greater than 14 hours) with SLT muscle fibers had multiple neurite-muscle contact 
sites, while individual muscle fibers that were micromanipulated into contact with 
neurites of neuron B19 during imaging usually had only one or two neuritic contact 
sites. 
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RESULTS 
Contact with muscle fibers causes an elevation in the resting calcium level in B19 
Zoran et al. (1993) have shown that muscle contact elevates the resting 
calcium level. Several mechanisms could account for this elevation in the resting 
calcium level. To test whether action potentials are involved in elevating the resting 
calcium level, I recorded from neurons B19 with a microelectrode. Hyperpolarizing 
current was passed into the neurons to prevent the neurons from spiking. In this 
configuration, contact with muscle fibers from the supralateral radular tensor (SLT) 
caused a significant elevation of the resting calcium level in the neurites of neurons 
B19, indicating that action potentials are not required for the elevation of the resting 
calcium level. Neurons B19 were cultured for at least three days during which time 
neurites extended. Muscle fibers from the SLT were plated into contact with the 
neurites of neurons B19. Following greater than 14 hours of neurite-muscle contact, 
resting calcium levels were measured. Neurons B19 that had contacted muscle 
fibers for greater than 14 hours had higher resting calcium levels than parallel 
control neurons B19, in the same dish, that had not contacted muscle fibers 
(Figure 1). The estimated resting calcium level in the neurites of neurons B19 that 
had muscle fiber contact was 117 ± 37nM (mean ± standard deviation; n = 45 regions 
in 14 neurons). Resting levels in the neurites of parallel control neurons were 
significantly lower at 78 ± 26nM (n = 54 regions in 14 neurons; P<0.01). 
Calcium levels in the neurites of neurons B19 were also examined after 
contact with different cells with which B19 does not form chemical synapses: other 
neurons B19, buccal neurons 5 (B5), or fibers from the penis retractor muscle (PRM). 
Figure 1. Sustained contact with SLT muscle fibers elevates the resting calcium 
level in neurons B19 
Contact with muscle fibers from neuron B19's in vivo synaptic partner, the SLT, 
causes a significant elevation in the presynaptic resting calcium level. Neurons 
B19 cultured alone had a resting calcium level of 78 ± 29nM (n = 54 regions in 14 
neurons), while the resting calcium level in neurons B19 that had sustained 
contact (greater than 14 hours) with SLT muscle fibers was 117 ± 37nM (n = 45 
regions in 14 neurons; P<0.01). Contact with other cells with which neuron B19 
does not form chemical synapses did not cause a significant elevation in the 
resting calcium level, indicating that the muscle-induced elevation of resting 
calcium levels may be specific to contact with the SLT. 
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Contact with novel target cells did not cause a significant elevation in the resting 
level of calcium in neuron B19 (Figure 1). Thus, only contact with B19's appropriate 
chemical synaptic partner, SLT muscle, results in an elevation of the resting cytosolic 
calcium levels in neuron B19. 
The time-course of the SLT muscle-induced elevation of the resting calcium level in 
neuron B19 
The time course of the elevation in the resting calcium level following contact 
with SLT muscle fibers was also studied. Individual muscle fibers from the SLT 
were micromanipulated into contact with the neurites of neurons B19 (greater than 
three days in culture). Resting calcium levels were monitored prior to muscle fiber 
contact, and at five minute intervals following contact with muscle. Calcium levels 
were significantly elevated from an initial resting level of 68 ± 22nM to a resting 
level of 116 ± 27nM following 35 minutes of contact (n = 29 regions in 19 neurons; 
P<0.001; Figure 2). These data demonstrate that the elevation in the resting calcium 
level occurs rapidly following contact with SLT muscle fibers. 
To determine if the presence of muscle was required for the maitenance of the 
elevated resting calcium set-point, resting calcium levels were monitored following 
the removal of the muscle fiber. In four preparations, 40 minutes following the 
removal of muscle fiber, the resting calcium level returned to 81 ± 12nM (n = 7 
regions in 4 neurons). Indicating that the presence of muscle is required for the 
stable elevation of the resting calcium level during this early time period. 
Figure 2. SLT muscle fiber contact elevates the resting calcium level over the 
time course of forty minutes 
SLT muscle fibers micro-manipulated into contact with fura-2-filled neurites of 
neurons B19 while resting calcium levels were being monitored (n = 29 regions 
in 19 neurons). Resting calcium levels were elevated to a level of 119 ± 33nM 
from an initial level of 68 ± 22nM following 40 minutes of contact with SLT 
muscle fibers. The asterisk indicates a significant elevation in the resting 
calcium level over pre-contact levels (P<0.001). 
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H-7 blocks muscle-induced enhancement of resting calcium levels in neurons B19 
Possible mechanisms involved in the mediation of the elevation of the resting 
calcium level in neurons B19 following contact with muscle fibers from the SLT were 
investigated. The protein kinase inhibitor H-7 (40 - lOOmM) prevented muscle-
induced elevation of resting calcium in neurons B19. H-7 was added to the cultures 
of neurite-bearing neurons B19 one hour prior to contact with muscle fibers from the 
SLT. Neurons B19 were injected with fura-2, and time was allowed for the dispersal 
of the dye throughout the neurites (10-15 minutes). In the presence of H-7, 
theresting calcium levels in neurons B19 (68 ± 20nM; n = 23 regions in 10 neurons) 
were not different from the resting calcium levels in parallel control neurons (78 ± 
26nM; n = 54 regions in 14 neurons; P>0.1). SLT muscle fibers were then 
micromanipulated into contact with the imaged regions of neurons B19 in the 
presence of H-7. Thirty to 45 minutes following muscle fiber contact the resting 
calcium levels were unchanged at 76 ± 23nM. Similar results were obtained using 40 
and lOOmM H-7. In parallel controls, contact with SLT muscle fiber elevated the 
resting calcium level to 131 ± 30nM (n = 12 regions in 7 neurons). Thus, the protein 
kinase inhibitor H-7 blocked the elevation in the resting calcium level that follows 
contact with SLT muscle. 
The concentrations of H-7 used for these studies (40 to lOOmM) inhibits the 
activities of protein kinase C, cAMP-dependent protein kinase, and cGMP-
dependent protein kinase. The roles of these individual kinases were investigated. 
The role of protein kinase C in elevating the resting calcium level was assessed by 
the addition of a phorbol ester (phorbol 12-myristate 13-acetate; PMA) to neurons 
B19 that had not contacted SLT muscle. PMA (100 - 200nM) was added to the bath, 
and following 10 minutes in PMA, the resting calcium levels were measured. The 
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presence of PMA did not have a significant effect on the resting calcium level in 
neurons B19; the resting calcium level in the presence of PMA was 61 ± 18nM (n = 17 
region in 7 neurons), while the resting calcium level in parallel control neurons was 
72 ± 28nM (n = 13 regions in 5 neurons; P>0.1). 
Cyclic AMP-dependent protein kinase elevates the resting calcium level in neuron 
B19 
The addition of the cAMP analog pCPTcAMP (0.5 to ImM) elevated the 
resting calcium level in neurons B19, which mimiced the action of SLT muscle fibers 
on the resting calcium level. Following the bath application of pCPTcAMP, resting 
calcium levels were elevated from 75 ± 31nM (n = 32 regions in 10 neurons) to 
165 ± 51nM (n = 32 regions in 10 neurons; P<0.01). This action is reversible, since the 
resting calcium levels returned toward the original value (88 ± 30nM; n = 24 regions 
in 8 neurons) within 15 minutes following the washout of pCPTcAMP (Figure 3a). 
To determine whether SLT muscle used a cAMP-dependent pathway in the 
mediation of the elevation of the resting calcium level in neurons B19, it was 
determined whether the coincident application of 500mM pCPTcAMP and SLT 
muscle fibers had an additive action on resting calcium levels. The presence of 
500mM pCPTcAMP resulted in the elevation of the resting calcium level from 
80 ± 22nM to 147 ± 48nM (n = 21 regions in 7 neurons; P<0.02; Figure 3b). The 
subsequent addition of SLT muscle fiber caused a small, but not statistically 
significant further elevation of the mean resting calcium level in neurons B19 (176 ± 
65nM; n = 9 regions in 7 neurons; P>0.1). Taken together with the ability of H-7 to 
block the elevation of the resting calcium level in response to SLT muscle fiber 
Figure 3. The addition of the cAMP analog pCPTcAMP mimics the action of 
SLT muscle fiber contact on the resting calcium level in neurons B19 
A) The addition of the cAMP analog pCPTcAMP to neurons B19 elevates the 
resting calcium level in neurons B19. Resting calcium levels were elevated to 
165 ± 51 nM from an initial value of 75 ± 31 nM following the bath-application of 
pCPTcAMP (500|iM) (P<0.01). The pCPTcAMP-induced elevation of the resting 
calcium level was reversed upon washout. B) The addition of muscle fibers 
from the SLT in the presence of pCPTcAMP did not cause a further elevation of 
the resting calcium level in neurons B19. The addition of pCPTcAMP (500|xM) 
elevated the resting calcium level to 147 ± 48nM from a value of 80 ± 22nM (n = 
21 regions in 7 neurons; P<0.02); the subsequent addition of SLT muscle fiber did 
not further enhance the resting calcium level in neurons B19 (176 ± 65nM). 
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contact, this is consistent with SLT muscle using a cAMP-dependent pathway to 
mediate the elevation of the resting calcium level in neurons B19. 
Inhibition of cAMP-dependent protein kinase inhibits the action of muscle on the 
resting calcium level in neurons B19 
The involvement of cAMP-dependent protein kinase was critically evaluated 
using the synthetic peptide inhibitor IP20 (Cheng et al., 1986), which specifically 
inhibits the activity of cAMP-dependent protein kinase. IP20 was pressure-injected 
into the somata of neurons B19, and time (greater than 15 minutes) was allowed for 
the diffusion of the peptide throughout the neuritic arbor. The actions of contact 
with SLT muscle fiber, and application of 500mM pCPTcAMP were then monitored. 
Injection of IP20 did not have an effect on the resting calcium level in neuron 
B19. The resting calcium level in neurons B19 injected with rP20 was 61 ± 20nM (n = 
15 regions in 5 neurons) while the resting calcium level in parallel control neurons 
B19 was 80 ± 22nM (21 regions in 7 neurons; P>0.1). Addition of SOOmM pCPTcAMP 
also did not have a significant effect on the resting calcium level in neurons B19 that 
had been injected with IP20 (88 ± 37nM; 15 regions in 5 neurons; P>0.1). This is 
consistent with IP20 blocking the activity of cAMP-dependent protein kinase in 
neurons B19. The elevation of resting calcium seen with SLT muscle fiber contact 
was also blocked by the presence of IP20. The resting calcium level in IP20-injected 
neurons B19 that had been in contact with muscle fiber for 30 minutes was 76 ± 
28nM (n = 12 regions in 5 neurons; P>0.1). The resting calcium levels were 
significantly elevated by both muscle fiber contact, and addition of pCPTcAMP in 
neurons B19 that had not been injected with IP20 (Figure 4). Taken together, these 
data demonstrate that neuronal cAMP-dependent protein kinase is activated by a 
Figure 4. The presynaptic injection of the inhibitor peptide IP20 blocks both 
muscle-induced and pCPTcAMP-induced elevation of the resting 
calcium level in neurons B19 
The injection of IP20 into the somata of neurons B19 blocked muscle-induced 
elevation as well as pCPTcAMP-induced elevation of the resting calcium level in 
neurons B19. The addition of SLT fibers elevated the resting level to 151 ± 45nM 
(n = 12 regions in 5 neurons) in neurons B19 that had not been injected with IP20. 
The addition of pPCTcAMP (SOO^M) also elevated resting calcium levels in 
control neurons B19 (133 ± 36nM; n = 15 regions in 5 neurons). The ability of 
SLT muscle and pCPTcAMP to elevate resting calcium levels was blocked by the 
injection of IP20 into neurons B19. 
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retrograde signal from SLT muscle, and that this causes an elevation in the resting 
calcium levels of neuron B19. 
Calcium influx contributes to the elevation of resting calcium levels in neurons B19 
Several possible mechanisms might account for the elevation in intracellular 
calcium in neuron B19 following contact with its appropriate target, the SLT muscle, 
or in response to the application of the cAMP analog pCPTcAMP. The resting 
calcium level is a homeostatic equilibrium among mechanisms that increase the level 
of cytosolic calcium (e.g., influx of calcium, and release of calcium from intracellular 
stores), and mechanisms that decrease the level of cytosolic calcium (e.g., extrusion 
of calcium due to calcium exchangers, and uptake of calcium into internal stores). 
Appropriate changes in any of these parameters would result in a shift of the resting 
calcium set-point, which would account for the previous results. 
A direct test for the source of calcium elevation is to remove calcium from the 
external culture medium. The effect of the cAMP analog pCPTcAMP on the resting 
calcium levels in neurite-bearing neurons B19 (in culture for at least three days) were 
measured in defined medium, (DM), and in zero calcium/EGTA DM (Figure 5a). 
The analog pCPTcAMP was used instead of the application of muscle fiber to avoid 
cell-cell adhesion problems in zero calcium/EGTA medium. The application of 
500mM pCPTcAMP in DM elevated the resting calcium level from 83 ± 34nM to 
171 ± 50nM (n = 15 regions in 5 neurons; P<0.05) 15 minutes following perfusion. 
Cultures were then perfused with DM, and calcium levels returned to the control 
level 10 minutes following washout (91 ± 33nM; n = 15 regions in 5 neurons; P>0.1). 
Cultures were then perfused with zero calcium/EGTA medium, and calcium levels 
were monitored. Zero calcium/EGTA DM containing 500mM pCPTcAMP was 
Figure 5. The pCPTcAMP-induced elevation of resting calcium is partially due to 
calcium influx 
A) The effect of pCPTcAMP (500|iM) on resting calcium is, in part, due to the 
influx of external calcium. The addition of pCPTcAMP significantly elevated 
resting calcium to 171 ± 50nM from a control level of 83 ± 34nM (n = 15 regions 
in 5 neurons; P<0.05), which was reversed upon washout. Resting calcium 
levels were not significantly different in zero calcium/EGTA medium 
(86 ± 26nM; P>0.1). The application of pCPTcAMP in zero calcium/EGTA 
medium caused a small, but not significant elevation of resting calcium (127 ± 
56nM; P>0.1). B) Sequential application of pCPTcAMP resulted in similar, 
repeatable elevations of elevations of resting calcium, indicating that multiple 
applications of pCPTcAMP do not cause a rundown in the response. Fifteen 
minutes following the first application of pPCTcAMP (500|iM) the resting 
calcium level was elevated to 125 ± 63nM (n = 27 regions in 9 neurons; P<0.01), 
which was reversible upon washout. The second application of pCPTcAMP 
resulted in a similar elevation in the resting calcium level (190 ± 170nM; P<0.05). 
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perfused into the culture dish, and calcium levels in neurons B19 were monitored. 
The resting calcium level after 10 minutes in zero calcium/EGTA medium was 86 ± 
26nM (n = 15 regions in 5 neurons). The application of 500mM pCPTcAMP in zero 
calcium/EGTA medium caused a small but not significant elevation of the resting 
calcium level to 127 ± 56nM (n = 15 regions in 5 neurons; P>0.1; Figure 5b). 
Sequential applications of pCPTcAMP in defined medium resulted in similar, 
repeatable elevations in the level of resting calcium indicating that there is not a run­
down effect with multiple applications of pCPTcAMP. These data indicate that the 
elevation of resting calcium in response to pCPTcAMP is due, in part, to calcium 
influx. 
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DISCUSSION 
Retrograde signals from targets are important for appropriate development of 
presynaptic neurons (Purves et al., 1988; Chiba et al., 1988; Baptista et al., 1990; 
Schotsinger and Landis, 1990; Frank, 1990; Frank and Mendelson, 1990; French and 
Kristan, 1992). These results demonstrate that a retrograde signal from the SLT 
muscle causes an elevation of the resting calcium level in presynaptic motoneuron 
B19, and that this action occurs through the activation of presynaptic cAMP-
dependent protein kinase. The elevation of the resting calcium level shows target 
specificity, since similar periods of cell-cell contact between two neurons B19, 
neuron B19 and neuron B5, or between neuron B19 and muscle fibers from the penis 
retractor muscle had no effect on the resting calcium set-point. In addition, the 
presence of muscle is required for the stable elevation of the resting calcium level, 
since the removal of muscle fiber resulted in a decrease in the resting calcium level 
toward the control level. However, Zoran et al. (1993) have shown that the resting 
calcium level remains elevated after the removal of the muscle fiber following 
sustained (24 hour) neuron-muscle contact. Indicating that a change in the 
homeostatic state of neuron B19 occurs during sustained contact with muscle fiber. 
The new resting calcium set-point, in response to SLT muscle, or pCPTcAMP, 
is below the level of calcium required to inhibit neuritic outgrowth from neuron B19 
(Cohan et al., 1987; Kater and Mills, 1991). It has been shown that changes in 
calcium levels precede synaptogenesis in B19-SLT muscle fiber cocultures (Zoran et 
al., 1993), indicating that the changes in the resting calcium set-point may play a 
regulatory role in synapse formation. Elevations in presynaptic calcium have been 
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reported to accompany the initial contact between neuron and muscle in Xenopus 
spinal cord neurons (Dai and Peng, 1992). 
Several mechanisms may mediate the elevation of the resting calcium set-
point in neuron B19 in response to contact with its appropriate synaptic partner. 
These studies indicate that extracellular calcium is necessary for the expression of 
this new calcium set-point. Thus, it is possible that an increase in a constant leak 
conductance in response to SLT muscle may be partially responsible for the 
elevation of the resting calcium level. Neuronal calcium levels regulate a variety of 
developmental processes including the differentiation of ion channels (Desarmenien 
and Spitzer, 1991), and changes in neuronal architecture (Mills and Kater, 1990). 
Studies in PC-12 cells have shown that antibodies to neural cell adhesion molecule 
(NCAM) evoke a G protein-dependent elevation of internal calcium (Schuch et al., 
1989), and that NCAM-induced calcium influx mediates both the structural and 
biochemical changes that are correlated with the transformation of PC-12 cells to a 
neuronal phenotype (Doherty et al., 1991). These results demonstrate that contact 
with an appropriate synaptic target, the SLT, causes an elevation in the resting 
calcium level in presynaptic motoneuron B19. Muscle-induced changes in the 
resting calcium level may be related to changes in excitation-secretion coupling and 
synaptogenic capabilities of neuron B19 induced by contact with SLT muscle (Zoran 
et al., 1990; Zoran et al., 1991). The elevation of the resting calcium level, may also 
trigger the production of molecular machinery that is required by neuron B19 in 
order to form a functional chemical synapse with its postsynaptic partner, the SLT. 
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PAPER 3: THE EFFECTS OF TARGET MUSCLE CONTACT ON PRESYNAPTIC 
CALCIUM HANDLING ARE MEDIATED BY TYROSINE KINASE 
81 
INTRODUCTION 
Funte and Haydon (1993) have shown that contact with an appropriate 
muscle target, the SLT, locally enhances action potential-evoked calcium 
accumulation in motoneuron B19 from Helisoma. This muscle-induced enhancement 
of calcium accumulation is requires the action of cAMP-dependent protein kinase. 
Whether other protein kinases are involved in mediating this developmental process 
is unknown. 
During the formation of the neuromuscular junction, the nicotinic 
acetylcholine receptor is regulated by many signals (Steinbach, 1981; Role et al., 
1985; McMahan, 1990; Qu et al., 1990; Wallace et al., 1991). In addition to a 
postsynaptic role for cAMP-dependent protein kinase. Lu et al., (1993), have shown 
that tyrosine phosphorylation regulates acetylcholine receptor gating kinetics. Since 
receptor protein tyrosine kinases, by phosphorylating specific substrates, activate a 
number of intracellular signalling pathways (Ullrich and Schlessinger, 1990; Cantley 
et al.,1991), I have asked whether tyrosine kinase activity may also be involved in the 
muscle-induced enhancement of action potential-evoked calcium accumulation in 
neurons B19. 
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MATERIALS AND METHODS 
Animais 
All of the experiments were performed on isolated buccal motoneurons from 
adult specimens of the albino strain of the freshwater pond snail Helisoma trivolvis. 
The animals were raised and maintained in aquaria, and were fed a diet of lettuce 
and Purina Trout Chow. 
Neuron-muscle cultures 
Identified buccal motoneurons B19 were isolated from the buccal ganglia as 
previously described (Haydon and Zoran, 1991). Motoneurons B19 were visually 
identified, and then isolated from the buccal ganglia following an incubation of 10 
minutes in 0.15% trypsin (Type III; Sigma, Saint Louis, MO). The neurons were then 
plated into poly-L-lysine-coated glass-bottom culture dishes, made form No. 1 
Corning coverslips (22mm), and 35mm Falcon culture dishes (No. 1008), containing 
2ml of conditioned medium (CM). CM was obtained by incubating 4 isolated 
central ganglia in 2ml of defined culture medium (DM; 50% Lebowitz-15 (GIBCO) to 
which L-glutamine (0.15mg/ml) and inorganic salts were added: 40mM NaCl, 
1.7mM KCl, 1.5mM MgCl2,4.1 mM CaCl2, lOmM HEPES buffer, pH 7.3,130m0sm). 
Muscle fibers were obtained by dissociating individual supralateral radular 
tensor muscles (SLT). The SLT is normally innervated by buccal motoneuron B19 in 
vivo. (Zoran et al., 1989). Individual muscle fibers were dissociated following a 10 to 
14 hour incubation in 4ml of DM containing collagenase/dispase (1.5mg/ml; 
Boehringer Mannheim) at 28 to 32°C. Muscle fibers were stored in DM at 4°C for no 
more than 5 days. 
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Neuron-muscle contacts 
Neurons B19 will form functional chemical synapses with muscle fibers from 
the SLT in cell culture conditions (Zoran et al., 1990). Neurons B19 that had been 
plated into cell culture were maintained in culture conditions for at least three days, 
during which time they extended neurites. Single SLT muscle fibers were then 
plated into contact with the neuritic arbor of individual neurons B19, using a non-
adhesive micropipette. Muscle fibers were allowed to contact the neurites of 
neurons B19 for greater than 30 minutes. Following at least 30 minutes of contact 
with muscle, neurons B19 were intrasomatically injected with fura-2, and calcium 
levels were measured prior to stimulation to provide a resting calcium baseline, and 
following a train of action potentials to monitor calcium accumulation. Calcium 
dynamics in parallel control neurons, which had not contacted muscle, were also 
measured. Calcium accumulation was calculated by subtracting the average resting 
calcium from the peak calcium level following stimulation. 
Short-term neuron-muscle contacts 
Calcium accumulation levels in response to action potentials were monitored 
during acute neuron-muscle contact. Neurons B19, that were in culture for at least 
three days, were intrasomatically injected with fura-2, and calcium accumulation 
levels were measured. Single muscle fibers from the SLT were micromanipulated 
into contact with the imaged region of the neuritic arbor, and calcium accumulation 
levels were monitored at various times following neurite-muscle fiber contact. 
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Protein kinase studies 
The activity of tyrosine kinases as well as the activity cAMP-dependent 
protein kinase was perturbed using various pharmacological agents. The tyrosine 
kinase inhibitor genistein (Akiyama et al., 1987; Akiyama and Ogawara, 1991) was 
used to block the activity of tyrosine kinases. A concentration of 25mM (0.33% 
DMSO) was chosen to assure the selective inhibition of protein tyrosine kinases. 
Genistin (25mM; 0.33% DMSO) an analog of genistein that lacks anti-tyrosine kinase 
activity was used as a control. 
SLT muscle fibers were plated into contact with neurites of neurons B19. 
Calcium accumulation was monitored prior to the addition of muscle and greater 
than 30 minutes following contact with muscle fiber. Genistin (25mM; 0.33% DMSO; 
Sigma) was then perfused into the culture dish, and calcium accumulation levels 
were measured following at least 10 minutes in genistin, providing an internal 
control. Genistein (25mM; 0.33% DMSO) was then perfused into the culture dish, 
and at least 10 minutes later calcium accumulation levels were measured at muscle 
contact sites. 
The cyclic AMP analog pCPTcAMP (8-(4-chlorophenyl-thio)-adenosine 3':5'-
cyclic monophosphate; 500mM; Sigma) was used to mimic the effect of muscle on 
calcium accumulation (Funte and Haydon, 1993). The analog was made fresh on the 
day of the experiment, and was added directly to the culture medium to activate 
presynaptic cAMP-dependent protein kinase. Neurons B19, that had not contacted 
muscle, were injected with fura-2, and calcium accumulation levels were monitored. 
pCPTcAMP was then added to neurons B19, and time was allowed for enhancement 
of action potential-evoked calcium accumulation to occur (greater than 10 minutes). 
Calcium accumulation levels were monitored following at least 10 minutes in 
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pCPTcAMP. Genistin (25mM; 0.33% DMSO) was then added in the presence of 
pCPTcAMP as an internal control. Calcium accumulation levels were measured, 
following at least 10 minutes in genistin. Genistein (25mM; 0.33% DMSO) in the 
presence of pCPTcAMP (500mM) was then perfused into the culture dish washing 
genistin out. Calcium accumulation in neurons B19 was monitored following at 
least 10 minutes in the presence of pCPTcAMP and genistein. 
The broad-specificity protein tyrosine phosphatase rrbPTP-1 (T. Ingebritsen; 
personal communication), recombinant from rat brain, was injected into the somata 
of neurons B19 to critically evaluate the role of presynaptic tyrosine kinase activity. 
rrbPTP-1 was stored in glycerol at -20°C, and was microdialyzed into injection 
buffer (50mM KCl, ImM MgClz, 200mM EGTA, lOmM HEPES, 0.1% 2-mercapto-
ethanol; pH 7.4 with KOH) for eight hours prior to each experiment. Following the 
experiment, the sample of rrbPTP-1 was tested for phosphatase activity (activity of 
rrbPTP-l:3514U/ml). 
Fura-2 was injected into neurons B19, and calcium accumulation levels were 
monitored. Neurons B19 were then injected with rrbPTP-1, and calcium 
accumulation levels were measured 20 minutes following the injection. Single 
muscle fibers from the SLT were then micromanipulated into contact with the 
imaged region of the neurites, and calcium accumulation levels were monitored 
following at least 30 minutes of muscle fiber contact. Alternatively, muscle fibers 
were manipulated into contact with the neurites of B19, and time was allowed for 
muscle-induced enhancement of action potential-evoked calcium accumulation to 
occur (greater than 30 minutes), at which time calcium accumulation levels were 
measured. At this time, rrbPTP-1 was injected into the somata of neurons B19, and 
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calcium accumulation levels were measured 20 minutes following injection of 
rrbPTP-l. 
The effect of rrbPTP-1 on pCPTcAMP-induced enhancement of calcium 
accumulation was also determined. Fura-2 filled neurons B19 were injected with 
rrbPTP-1, and following 20 minutes, pCPTcAMP (500mM) was perfused into the 
dish. Calcium accumulation levels were measured prior to the addition of 
pCPTcAMP, and at least ten minutes following the addition of pCPTcAMP. The 
effects of muscle contact and pCPTcAMP on neurons B19 that had not been injected 
with rrbPTP-1. 
Calcium imaging 
The calcium-sensitive, membrane-impermeant pentapotassium salt of fura-2 
was used to measure intracellular calcium levels (Grynkiewicz et al., 1985; Molecular 
Probes, Eugene, OR). Fura-2 was pressure injected into the somata of neurons B19 
(concentration of fura-2 in the injection electrode was lOmM) using pressure pulses 
(20psi, 4ms) delivered by a Picospritzer II (General Valve), yielding an approximate 
final concentration of lOOmM in the neuritic arbor. Fura-2 was allowed to diffuse 
throughout the neurites prior to image acquisition. 
The neurites of neurons B19 were examined using a Nikon Diaphot inverted 
microscope through a 40X oil-immersion objective. Sites of neuron-muscle contact 
were visualized using phase optics. To avoid errors in the estimation of the calcium 
levels due to weak background fluorescence of the muscle fibers, calcium levels 
were measured at regions immediately adjactent to the muscle fiber contact site. 
Neurons that had sustained contact with muscle fiber (greater than 14 hours) 
generally had multiple muscle fiber contact sites, while the micromanipulation of 
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muscle fibers onto the neurites of neurons B19 for acute neuron-muscle fiber contact 
studies usually resulted in only one or two sites of neurite-muscle contact. 
Fura-2 fluorescence was excited by a xenon-arc lamp using 340nm and 380nm 
bandpass filters. Neutral density filters were placed in the light path to attenuate the 
light signal. Fura-2 emission (510 DP 40nm filter) was collected using a SIT camera 
(Hammamatsu). Raw 340nm and 380nm images were digitized and stored using 
Image-l/FL quantitative fluorescence software (Universal Imaging Corporation, 
West Chester, PA). Background-corrected images were used to obtained ratioed 
images from which the internal calcium concentrations were estimated as previously 
described (Grynkiewicz et al, 1985; Cohan et al., 1987). 
Calcium transients were visualized using a series of 10 image pairs (340nm, 
380nm excitation) acquired at three second intervals. Neurons B19 were stimulated 
after the second set of image pairs had been acquired. Eight action potentials were 
evoked using current supplied by a Crass Stimulator (model S48D) that was passed 
through an intracellular microelectrode. Calcium accumulation levels were 
calculated by subtracting the average resting calcium level from the peak calcium 
level from the peak calcium level of the calcium transient. The data is presented in a 
mean ± standard deviation format. A Student's T-test was used to determine 
statistical significance. 
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RESULTS 
The tyrosine kinase inhibitor genistein blocks muscle-induced enhancement of 
action potential-evoked calcium accumulation 
To investigate the role of tyrosine kinases in the induction of muscle-induced 
enhancement of action potential evoked calcium accumulation, the tyrosine kinase 
inhibitor genistein was added to cell cultures prior to contact with muscle fiber. 
When genistein was added to the bath at least 10 minutes prior to the addition of 
muscle, muscle-induced enhancement of calcium accumulation was blocked. 
Following the addition of genistein to the bath, muscle fibers were plated into 
contact with the neurites of neurons B19. Muscle fibers were allowed to contact 
neurites for at least 30 minutes. In the presence of genistein (25mM; 0.33% DMSO), 
calcium accumulation at sites of SLT muscle contact was only 176 ± 87nM (n = 7 
regions in 5 neurons; Figure 1). In parallel controls, in which neurons were 
incubated in genistin (25mM; 0.33% DMSO), calcium accumulation at sites of muscle 
contact was significantly greater than in the presence of genistein (786 ± 241 nM; n = 
5 regions in 5 neurons; P<0.001). Therefore, genistein blocked the muscle-induced 
enhancement of action potential-evoked calcium accumulation indicating that 
tyrosine kinase activity is involved in the enhancement of action potential-evoked 
calcium accumulation. 
To ask whether tyrosine kinase activity is required for the maintenance of 
enhanced calcium accumulation, I sequentially added genistin and genistein after 
the induction of enhanced calcium accumulation by muscle. Action potential-
evoked calcium accumulation in neurons B19, at neurite-muscle contact sites, was 
800 ± 232nM (n = 5 regions of interest in 5 neurons) following at least 30 minutes of 
Figure 1. The tyrosine kinase inhibitor genistein blocks the induction of muscle 
induced enhancement of calcium accumulation 
The addition of genistein (25|xM; 0.33% DMSO) prior to (at least 10 minutes) the 
addition of muscle fiber blocked muscle-induced enhancement of action 
potential-evoked calcium accumulation in neuron B19. In the presence of 
genistein, calcium accumulation was 176 ± 87nM (n = 7 regions in 5 neurons), 
while in parallel controls, muscle fiber added in the presence of genistin (25|i.M; 
0.33% DMSO) caused a significant enhancement of action potential-evoked 
calcium accumulation to 827 ± 191nM (n = 5 regions in 5 neurons; P<0.001). 
Calcium accumualtion was also significantly enhanced in parallel control 
neurons B19 that had only muscle fiber contact (786 ± 241 nM; n = 6 regions in 4 
neurons). 
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muscle contact. Genistin (25mM; 0.33% DMSO) was then perfused into the dish. 
Following at least 10 minutes in genistin, calcium accumulation levels were 
measured. The calcium accumulation level at contact sites in the presence of 
genistin (1062 ± 448nM; n = 5 regions of interest in 5 neurons; Figure 2) was not 
significantly different than the calcium accumulation level prior to the addition of 
genistin (P>0.1). Genistein (25mM; 0.33% DMSO) was then perfused into the culture 
dish, and calcium accumulation levels were measured at contact sites following 10 
minutes in genistein. Calcium accumulation in the presence of genistein was 141 ± 
40nM (n = 5 regions in 5 neurons; Figure 2), indicating that genistein is able to fully 
reverse established enhancement of calcium accumulation. 
Tyrosine kinase inhibition does not block the enhancement of action potential-
evoked calcium accumulation induced by cAMP-dependent protein kinase 
I have previously shown that activation of cAMP-dependent protein kinase 
by the cAMP analog pCPTcAMP results in an enhancement of action potential-
evoked calcium accumulation (Funte and Haydon, 1993; paper 1). To determine the 
relationship of the actions of tyrosine kinase and cAMP-dependent protein kinase, 
the tyrosine kinase inhibitor genistein was added to the bath, and I asked whether 
pCPTcAMP still retained the ability to enhance action potential-evoked calcium 
accumulation. 
The locus of tyrosine kinase activity was investigated by determining the 
effect of genistein on pCPTcAMP-induced enhancement of action potential-evoked 
calcium accumulation (Figure 3). Neurons B19 plated alone were injected with 
fura-2, and calcium accumulation levels were measured. The calcium accumulation 
in response to action potentials in these neurons was 192 ± 74nM (n = 18 regions in 
Figure 2. Genistein reverses the muscle-induced enhancement of action 
potential-evoked calcium accumulation 
The addition of genistein to the bath following the establishment of muscle-
induced enhancement of calcium accumulation fully reverses the enhancement. 
Muscle fibers plated into contact with the neurites of neurons B19, for greater 
than 30 minutes, enhanced calcium accumulation to 800 ± 232nM (n = 5 regions 
in 5 neurons) from an initial accumulation of 207 ± 78nM. The addition of 
genistin (25|iM; 0.33% DMSO) did not affect the established enhancement of 
action potential-evoked calcium accumulation (1062 ± 448nM; P>0.1). However, 
the subsequent addition of genistein (25|iM) resulted in a calcium accumulation 
level of 141 ± 40nM. 
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Figure 3. pCPTcAMP is able to enhance calcium accumulation in the presence of 
genistein 
The cAMP analog pCPTcAMP (500|iM) was able to enhance action potential-
evoked calcium accumulation in the presence of genistein (25|iM; 0.33% DMSO). 
The addition of pCPTcAMP to neurons B19 plated alone significantly enhanced 
calcium accumulation to 596 ± 97nM (n = 18 regions in 6 neurons) from an intial 
level of 196 ± 74nM. The addition of genistin (25)xM; 0.33% DMSO) in the 
presence of pCPTcAMP had no affect on pCPTcAMP's ablility to enhance calcium 
accumulation. The sequential addition of genistein in the presence of 
pCPTcAMP resulted in a small, but significant decrease in the enhanced calcium 
accumulation to 413 ± 78nM (n = 15 regions in 5 neurons). Although genistein 
reduced the level of pCPTcAMP-induced enhancement of calcium accumulation, 
pCPTcAMP in the presence of genistein significantly enhanced actionpotential-
evoked calcium accumulation above control levels (**). 
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6 neurons). Calcium accumulation was enhanced 10 minutes following perfusion 
with 500mM pCPTcAMP to 596 ± 97nM. Bath application of genistin (25mM; 0.33% 
DMSO) in the presence of pCPTcAMP had no significant effect on calcium 
accumulation levels in neurons B19 (574 ± 103nM; n = 15 regions in 5 neurons). The 
addition of the tyrosine kinase inhibitor genistein, in the presence of pCPTcAMP, 
caused a small, but significant reduction in calcium accumulation levels from 574 ± 
103nM to 413 ± 78nM (n = 15 regions in 5 neurons; P<0.02). Nevertheless, 
pCPTcAMP caused a significant enhancement of calcium accumulation. Since 
genistein both prevented and fully reversed the ability of muscle to enhance calcium 
accumulation, the predominant action of tyrosine kinase is upstream of the action of 
cAMP-dependent protein kinase. 
To further evaluate the involvement of presynaptic tyrosine kinase activity in 
the enhancement of action potential-evoked calcium accumulation, I used a broad-
based recombinant protein tyrosine phosphatase from rat brain, rrbPTP-1. To 
determine whether rrbPTP-1 prevented the ability of muscle to induce the 
enhancement, this protein tyrosine phosphatase was injected into the somata of 
neurons B19. The injection of rrbPTP-1 caused a small, but insignificant reduction in 
calcium accumulation levels in B19. Prior to the injection of rrbPTP-l action 
potential-evoked calcium accumulation was 221 ± 93nM (n = 15 regions in 
5 neurons), while 20 minutes following the injection of rrbPTP-1 the calcium 
accumulation level was 134 + 41nM (n = 36 regions in 12 neurons; P>0.1). The 
addition of muscle fiber to the neurites of these neurons B19, previously injected 
with rrbPTP-1, significantly increased the calcium accumulation to 546 ± 121nM (n = 
7 regions in 5 neurons; P<0.005; Figure 4) following greater than 30 minutes of 
Figure 4. Muscle fiber and pCPTcAMP enhance calcium accumulation 
in the presence of presynaptic tyrosine kinase inhibition 
The injection of rrbPTP-1 into the somata of neurons B19 does not prevent 
muscle-induced, or pCPTcAMP-induced enhancement of action potential-
evoked calcium accumulation. The addition of muscle fiber onto the neurites of 
neurons B19 that had been previously injected with rrbPTP-1 enhanced calcium 
accumulation to 546 ± 121nM (n = 7 regions in 5 neurons). The addition of 
pCPTcAMP (500|iM) to neurons B19 that had been injected also increased the 
calcium accumulation to 508 ± 71 nM (n = 21 regions in 7 neurons). The addition 
of muscle fiber, or pCPTcAMP to control uninjected neurons B19 also resulted in 
significant enhancement of calcium accumulation. 
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neuron-muscle contact. The addition of muscle to parallel uninfected neurons B19 
similarly resulted in an enhancement of calcium accumulation levels at sites of 
muscle contact (680 ± 108nM; n = 6 regions in 5 neurons). Thus, presynaptic rrbPTP-
1 does not prevent the ability of muscle to enhance action potential-evoked calcium 
accumulation in neurons B19. 
The effect of rrbPTP-1 was tested on the ability of pCPTcAMP to enhance 
calcium accumulation. pCPTcAMP (500mM) was added to neurons B19 that 
previously had been injected with rrbPTP-1; calcium accumulation was enhanced to 
508 ± 71nM (n = 21 regions in 7 neurons). The addition of pCPTcAMP enhanced 
calcium accumulation levels to 596 ± 97nM (n = 18 regions in 6 neurons) in parallel 
control neurons B19 that had not been injected with rrbPTP-1. 
Taken together, these data indicate that cAMP-dependent protein kinase does 
not act upon a tyrosine kinase to enhance calcium accumulation, nor is there a 
common substrate that requires phosphorylation by both cAMP-dependent protein 
kinase and tyrosine kinase to enhance calcium accumulation. Therefore, the tyrosine 
kinase activity involved in the enhancement of action potetial-evoked calcium 
accumulation occurs upstream of the action of cAMP-dependent protein kinase, 
with the most likely locus of action being in the muscle fiber, since the injection of 
the broad-specificity protein tyrsine phosphatase rrbPTP-1 did not prevent the 
enhancement of calcium accumulation. 
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DISCUSSION 
During neuromuscular synaptogenesis between neuron B19 and fibers from 
the SLT, retrograde signals organize the presynaptic neuron. Contact with muscle 
causes an increase in spontaneous miniature end-plate potentials (Zoran et al., 1990), 
elevates the resting calcium level (Zoran et al., 1993; paper 2), and enhances action 
potential-evoked calcium accumulation in neuorn B19 at sites of muscle contact 
(Funte and Haydon, 1993; paper 1). A cAMP-dependent pathway has been shown 
to mediate both the elevation of the resting calcium level, and the enhancement of 
calcium accumulation (Funte and Haydon, 1993; paper 1). The data presented in 
this paper indicate that a tyrosine kinase pathway is also involved in the mediation 
of the enhancement of action potential-evoked calcium accumulation. 
The addition of the tyrosine kinase inhibitor genistein was able to both block 
the induction of the muscle-induced enhancement, and fully reverse the 
enhancement once it had been established. In neurons plated alone, the cAMP 
analog pCPTcAMP significantly enhanced action potential-evoked calcium 
accumulation in the presence of genistein. Together, these data indicate that the 
action of tyrosine kinase is upstream of the action of cAMP-dependent protein 
kinase. Although these studies do not specify the locus of the tyrosine kinase 
activity, either upstream presynaptically, or in the postsynaptic cell, other studies 
have indicated a role for tyosine kinase activity in the postsynaptic cell (O'Dell et al., 
1991). The injection of the tyrosine kinase inhibitor lavendustin A into the 
postsynaptic CAl neurons prior to tetanic stimulation of the Schaffer collateral 
pathway prevented the induction of LTP. One possibility suggested by the 
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O'Dell et al. (1991) study is that the generation of the retrograde signal requires the 
activity of tyrosine kinase. 
Alternatively, tyrosine kinase activity involved in the enhancement of calcium 
accumulation in response to action potentials may occur upstream of the activity of 
cAMP-dependent protein kinase in the presynaptic neuron. To test this possibility, I 
injected the broad-specificity protein tyrosine phosphatase rrbPTP-1. Since this did 
not prevent the muscle-induced elevation of calcium accumulation, this suggests 
that the tyrsine kinase is located postsynaptically in the muscle. The remote 
possibility exists that there is an unidentified substrate which rrbPTP-1 did not 
dephosphorylate in the presynaptic cell. 
One possible locus could be a receptor with tyrosine kinase activity. Receptor 
protein tyrosine kinases have recently been localized to the neuromuscular junction 
(Budnik and Gorczyca, 1992; Solomon et ai., 1992). The insulin receptor exhibits 
tyrosine kinase activity, and insulin receptors are present at neuromuscular 
junctions in Drosophila (Budnik and Gorczyca, 1992), and in Aplysia Bag cell neurons 
(Solomon et al., 1992). Additionally, ARIA an acetylcholine receptor inducing 
activity protein which is derived from motoneurons, causes the tyrosine 
phosphorylation of a 185kD muscle protein (Falls et al, 1993). ARIA cDNA encodes 
a protein homologous to rat Neu differentiation factor, which is known to be a 
ligand for the receptor protein tyrosine kinase encoded by neu, a proto-oncogene. 
Perhaps a similar mechanism for postsynaptic tyrosine kinase activation is involved 
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in initiating the signal transduction cascade that controls presynaptic development 
in neuron B19. 
In conclusion, these studies demonstrate that muscle-induced enhancement of 
action potential-evoked calcium accumulation requires the activity of presynaptic 
cAMP-dependent protein kinase, and the activity of postsynaptic tyrosine kinase. 
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GENERAL SUMMARY 
The effect of contact with an appropriate muscle target on the regulation of 
presynaptic calcium dynamics was addressed using an identified neuromuscular 
synapse from the pond snail Helisoma trivolvis. Cholinergic buccal motoneuron 19 
(B19) of Helisoma forms chemical synapses with muscle fibers from its in vivo 
synaptic target the supralateral radular tensor (SLT) muscle when plated together in 
culture conditions (Zoran et al., 1989; Zoran et al, 1990). The ability to reconstruct 
this synapse in culture conditions, and the ability to control the micromanipulation 
of individual muscle fibers into contact with the neurites of presynaptic B19 allowed 
a detailed molecular and temporal study of the retrograde regulation of the 
development of the presynaptic neuron. 
Contact with muscle fibers from the SLT causes a rapid enhancement of 
action potential-evoked calcium accumulation (stimulus: 4Hz for a duration of 2 
seconds) in neurons 519 at sites of neurite-muscle contact. Muscle induced 
enhancement of calcium accumulation occurs within 30 minutes following muscle 
fiber contact. Application of the cAMP analog pCPTcAMP mimics the effect of 
muscle contact on presynaptic calcium accumulation. Intrasomatic injection of the 
synthetic peptide IP2O/ which specifically inhibits the activity of cAMP-dependent 
protein kinase by binding to the active site, into neurons B19 blocks both muscle-
induced enhancement and pCPTcAMP-induced enhancement of action potential-
evoked calcium accumulation. Taken together, these data indicate that muscle 
contact activates presynaptic cAMP-dependent protein kinase to locally-enhance 
calcium accumulation. 
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Tyrosine kinase activity is necessary for the enhancement of action potential 
evoked calcium accumulation. The tyrosine kinase inhibitor genistein blocks the 
induction of, and reverses expressed muscle-induced enhancement of calcium 
accumulation. In the absence of muscle fiber, genistein has only a small effect on 
pCPTcAMP-induced enhancement of calcium accumulation in neurons B19, as does 
the injection of a broadly-specific protein tyrosine phosphatase, rrbPTP-1, into the 
somata of neurons B19. Together, this evidence suggests that tyrosine kinase acts 
upstream of the action of cAMP-dependent protein kinase in the enhancement of 
action potential-evoked calcium accumulation. Whether the upstream locus of 
tyrosine kinase activity is presynaptic or postsynaptic is not known. 
Muscle contact also regulates presynaptic calcium homeostasis. The resting 
calcium level in neurons B19 is elevated at neurite-muscle contact sites (2 fold) 
following contact with SLT muscle fibers. A global elevation of the resting 
calcium level occurs following 24 hours of contact with SLT muscle fibers (Zoran et 
al., 1993). The resting calcium level is similarly elevated by pCPTcAMP, and 
blocked by IP20/ indicating that cAMP-dependent protein kinase also plays a role in 
the regulation of calcium homeostasis in neuron B19. 
A summary diagram of possible interactions based on the studies discussed 
in this dissertation has been provided (Figure 1). A retrograde signal from the SLT 
muscle fiber activates presynaptic cAMP-dependent protein kinase. The activity of 
cAMP-dependent protein kinase is required for both the enhancement of action 
potential-evoked calcium accumulation, and the elevation of the resting calcium set-
point. The exact mechanism by which muscle contact activates cAMP-dependent 
protein kinase has not been determined. One possible mechanism would 
Figure 1. A summary diagram of growth cone-muscle contact 
Possible mechanisms by with muscle contact could enhance action potential-evoked 
calcium accumulation are depicted in this schematic. 
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be a muscle-induced elevation of cAMP levels, resulting in the activation of cAMP-
dependent protein kinase. 
The ability of the pCPTcAMP to enhance calcium accumulation when 
tyrosine kinases are inhibited, as well as the ability of muscle and pCPTcAMP to 
enhance calcium accumulation in neurons B19 that had been injected with rrbPTP-1, 
indicates that the activity of tyrosine kinase is upstream of the action of cAMP-
dependent protein kinase. The most likely locus for tyrosine kinase activity is in the 
muscle fiber, although there is the remote possibilty of a presynaptic substrate which 
is not dephosphorylated by rrbPTP-1 exists. A possible role for postsynaptic 
tyrosine kinase activity could be the expression of the retrograde signal. 
The activation of cAMP-dependent protein kinase by muscle could enhance 
action potential-evoked calcium accumulation by several possible mechanisms. 
There is evidence that addition of pCPTcAMP causes an enhancement of 
presynaptic calcium current in neurons B19 (P. Bahls; personal communication). 
cAMP-dependent protein kinase activity could result in the unmasking of 
presynaptic calcium channels, similar to the unmasking of calcium channels in 
Aplysia Bag cell neurons by the activity of protein kinase C (Strong et al., 1987), or to 
the activation of facilitation calcium channels in chromaffin cells (Artalejo et al., 
1990). 
Another possible mechanism would be for cAMP-dependent protein kinase 
activity to cause the insertion of functional calcium channels, similar to the 
insertion of calcium channels in cortical astrocytes in response to substances known 
to increase intracellular cAMP levels (Barres et al., 1989), or to the expression of 
inwardly rectifying potassium channels in mouse Schwann cells in response to 
elevated cAMP levels (Konishi, 1992). 
110 
REFERENCES CITED 
Akiyama, T., Ishida, J., Nakayawa, S., Ogawara, H., Watanabe, S., Itoh, N., Shibuya, 
M., and Fukami, Y. (1987) Genistein, a specific inhibitor of tyrosine-specific kinases. 
J. Biol. Chem. 262:5592 - 5595. 
Akiyama, T., and Ogawara, H. (1991) Use and specificity of genistein as inhibitor of 
protein-tyrosine kinases. Methods in Enzymology 201:362 - 370. 
Anderson, M. J., Cohen, M. W., and Zorychia, E. (1977) Effects of innervation on the 
distribution of acetylcholine receptors on cultured muscle cells. J. Physiology 268: 
731 - 773. 
Armstrong, D., and Eckert, R. (1987) Voltage-activated calcium channels that must 
be phosphorylated to respond to membrane depolarization. Proc Natl. Acad. Sci. 
USA 84: 2518 - 2522. 
Artalejo, C. R., Ariano, M. A., Perlman, R. L., and Fox A. P. (1990) Activation of 
facilitation calcium channels in chromaffin cells by Di dopamine receptors through 
a cAMP/protein kinase A-dependent mechanism. Nature 348: 239 - 242. 
Augustine, G. J., Charlton, M. P., and Smith, S. J. (1987) Calcium action in synaptic 
transmitter release. Ann. Rev. Neurosci. 10:633-693. 
Baptista, C. A., Gershon, T. R., and Macagno, E. R. (1990) Peripheral organs control 
central neurogenesis in the leech. Nature 346: 855 - 858. 
Barres, B. A., Chun, L. L. Y., and Corey, D. P. (1989) Calcium current in cortical 
astrocytes: Induction by cAMP and Neurotransmitters and permissive effect of 
serum factors. J. Neurosci. 9:3169 - 3175. 
Bevan, S., and Steinbach, J. H. (1977) The distribution of alpha-bungarotoxin 
binding sites on mammalian muscle developing in vivo. J. Physiology 267:195 - 213. 
Blackshaw, S., and Warner, A. (1976) Onset of acetylcholine sensitivity and end-
plate activity in developing myotome muscles of Xenopus. Nature 262:217 - 218. 
Blumenfeld, H., Spira, M. E., Kandel, E. R., and Siegelbaum, S. A. (1990) Facilitatory 
and inhibitory transmitters modulate calcium influx during action potentials in 
Aplysia sensory neurons. Neuron 5:487 - 499. 
I l l  
Buchanan, J., Sun, Y-a., and Poo, M-m. (1989) Studies of nerve-muscle interactions 
in Xenopus cell culture: fine structure of early functional contacts. J. Neurosci. 9: 
1540-1554. 
Budnik, V., and Gorczyca, M. (1992) Expression of insulin and insulin receptors at 
the neuromuscular junctions in Drosophila. Soc. Neurosci Abst. 
18:39. 
Camardo, J., Prohansky, E., and Schacher, S. (1983) Identified Aphjsia neurons form 
specific chemical synapses in culture. J. Neurosci. 3; 2614 - 2620. 
Cantley, L. C., Auger, K. R., Carpenter, C., Duckworth, B., Graziani, A., Kapeller, R., 
and Soltoff, S. (1991) Oncogenes and signal transduction. 
Cell 64:281 - 302. 
Cheng, H-C., Kemp, B. E., Pearson, R. B., Smith, A. J., Misconi, L., Van Patten, S. M., 
Walsh, D. A. (1986) A potent synthetic peptide inhibitor of the cAMP-dependent 
protein kinase. J. Biol. Chem. 261:989 - 992. 
Chiba, A., Shepherd, D., and Murphey, R. K. (1988) Synaptic rearrangements during 
postembryonic development in the cricket. Science 240:901 - 905. 
Cohan, C. S., Connor, J. A., and Kater, S. B. (1987) Electrically and chemically 
mediated increases in intracellular calcium in neuronal growth cones. J. Neurosci. 7: 
3588 - 3599. 
Cohen, M. W., Jones, O. T., and Angelides, K. J. (1991) Distribution of Ca^+ 
channels on frog motor nerve terminals revealed by w-conotoxin. J. Neurosci. 11: 
1032 -1039. 
Corfas, G., and Fischbach, G. D. (1993) The number of Na+ channels in cultured 
chick muscle is increased by ARIA, are acetylcholine receptor-inducing activity. J. 
Neurosci. 13: 2118 - 2125. 
Corfas, G., Falls, D. L., Fischbach, G. D. (1993) ARIA, a protein that stimulates 
acetylcholine receptor synthesis, also induces tyrosine phosphorylation of a 185-kDa 
muscle transmembrane protein. Proc. Natl. Acad. Sci. USA 90:1624 -1628. 
Dai, Z. and Peng, H. B. (1992) Elevation in presynaptic calcium level accompanying 
initial nerve-muscle contact. Soc. Neurosci. Abst. 18:207. 
112 
DeRiemer, S. A., Strong, J. A., Albert, K. A., and Kaczmarek, L. K. (1985) 
Enhancement of calcium current in Aplysia neurons by phorbol ester and protein 
kinase C. Nature 313:313-316. 
Desarmenien, M. G. and Spitzer, N. C. (1991) Role of calcium and protein kinase C 
in development of the delayed rectifier potassium current in Xenopus spinal neurons. 
Neuron 7: 797 - 805. 
Doherty, P., Ashton, S. V., Moore, S. E., and Walsh, F. S., (1991). Morphoregulatory 
activities of NCAM and N-cadherin can be accounted for by G-protein-dependent 
activation of L- and N-type neuronal Ca2+ channels. Cell 67:21 - 33. 
Easter, S. S., Purves, D., Rakic, P., and Spitzer, N. C. (1985) The changing view of 
neural specificity. Science 230:507 - 511. 
Falls, D. L., Rosen, K. M., Corfas, G., Lane, W. S., and Fischbach, G. D. (1993) ARIA, 
a protein that stimulates acetylcholine receptor synthesis, is a member of the Neu 
ligand family. Cell 72:801 - 815. 
Frank, E. (1990) The formation of specific connections between muscle sensory and 
motoneurons in the absence of coordinated patterns of muscle activity. J Neurosci. 
10: 2250 - 2260. 
Frank, E., and Mendelson, B. (1990) Specification of the synaptic connections 
mediating the simple stretch reflex. J. Exp. Biol. 153: 71 - 84. 
French, K. A. and Kristan, W. B. (1992) Target influences on the development of 
leech neurons. Trends in Neurosci. 15:169 -174. 
Funte, L. R., and Haydon, P. G. (1991) Target contact regulates calcium transients in 
neurites during synaptogenesis. Soc. Neurosci. Abst. 17:1287. 
Funte, L. R., and Haydon, P. G. (1992) H-7 prevents target-induced enhancement of 
action potential-evoked calcium accumulation in the presynaptic neuron during 
synptogenesis. Soc. Neurosci. Abst. 18:41. 
Funte, L. R., and Haydon, P. G. (1993) Synaptic target contact enhances presynaptic 
calcium influx by activating cAMP-dependent protein kinase during synaptogenesis. 
Neuron (In press). 
Grynkiewicz, G., Poenie, M,, and Tsein, R. Y. (1985) A new generation of Ca^+ 
indicators with greatly improved fluorescent properties. J. Biol. Chem. 260:3440 -
3450. 
113 
Harish, O. E., and Poo, M-m. (1992) Retrograde modulation at developing 
neuromuscular synapses: involvement of G protein and arachidonic acid cascade. 
Neuron 9:1201 -1209. 
Haydon, P. G., Cohan, C. S., McCobb, D. P., Miller, H. R., and Kater, S. B., (1985) 
Neuron specific growth cone properties as seen in identified neurons oiHelisoma. J. 
Neurosci. Res. 13:285 - 300. 
Haydon, P. G. and Kater, S. B. (1988) The differential regulation of formation of 
electrical and chemical connections in Helisoma. J. Neurobiol. 19:636 - 655. 
Haydon, P. G. and Zoran, M. J. (1989) Formation and modulation of chemical 
connections: evoked release from growth cones and neurites of specific identified 
neurons. Neuron 2:1483 -1490. 
Haydon, P. G. and Zoran, M. J. (1991) Chemical synapses in culture. In: Cellular 
Neurobiology; A Practical Approach. J. Chad and H. Wheal, eds. (Oxford, IRL 
Press), 57-71. 
Heuser, J. E., Reese, T. S., Dennis, M. J., Jan, Y., Jan, L., and Evans, L. (1979) 
Synaptic vessicle exocytosis captured by quick freezing and correlated with quantal 
transmitter release. J. Cell Biol. 81: 275 - 300. 
Hidaka, H., Inagaki, M., Kawamoto, S., and Sasaki, Y. (1984) 
Isoquinolinesulfonylamides, novel and potent inhibitors of cyclic nucleotide 
dependent protein kinase and protein kinase C. Biochemistry 23:5036 - 5041. 
Jones, O. T., Kunze, D. L., and Angelides, K. J. (1989) Localization and mobility of 
w-conotoxin-sensitive Ca^+ channels in hippocampal CAl neurons. Science 244: 
1189-1193. 
Kaczmarek, L. K., and Strumwasser, F. (1984) A voltage-clamp analysis of currents 
underlying cyclic-AMP induced membrane modulation in isolated peptidergic 
neurons of Aphjsia. 52:340 - 349. 
Kaczmarek, L. K., Jennings, K. R., Strummwasser, F., Nairn, A. C., Walter, U., 
Wilson, F. D., and Greengard, P. (1980) Microinjection of the catalytic subunit of 
cyclic-AMP-dependent protein kinase enhances calcium action potentials of bag cell 
neurons in cell culture. Proc. Natl. Acad. Sci. USA 77: 7487 - 7491. 
Kandel, E. R., and O'Dell, T. J. (1992) Are adult learning mechanisms also used for 
development? Science 258:243 - 245. 
114 
Kandel, E. R., and Schwartz, J. H. (1982) Molecular biology of learning: Modulation 
of transmitter release. Science 218:433 - 443. 
Kandel, E. R., Schacher, S., Castellucci, V. P., and Goelet, P. (1986) The long and 
short of memory in Aplysia: A molecular perspective. In Pidia Research Poundation 
Neuroscience Award Lectures. (Padova, Liviana Press). 
Kater, S. B. and Mills, L. R. (1991) Regulation of growth cone behavior by calcium. J. 
Neurosci. 11:891 - 899. 
Katz, B. (1969) The release of neural transmitter substances. (Liverpool, 
Liverpool Univ. Press). 
Klein, M., Camardo, J. S., and Kandel, E. R. (1982) Serotonin modulates a specific 
potassium current in the sensory neurons that show presynaptic facilitation 
mAplysia. Proc. Natl. Acad. Sci. USA 79:5713 - 5717. 
Knox, R. J., Quattrocki, E. A., Connor, J. A., and Kaczmarek, L. K. (1992) 
Recruitment of Ca2+ channels by protein kinase C during rapid formation of 
putative neuropeptide release sites in isolated Aplysia neurons. Neuron 8:883 - 889. 
Konishi, T. (1992) cAMP-mediated expression of inwardly rectifying potassium 
channels in cultured mouse Schwann cells. Brain Res. 594:197 - 204. 
Kullberg, R. W., Lentz, T. L., and Cohen, M. W. (1977) Development of the 
myotomal neuromuscular junction in Xenopus laevis: an electrophysiological and 
fine structure study. Dev. Biol. 60:101 -129. 
Kuwada, J. Y. (1986) Cell recognition by neuronal growth cones in a simple 
vertebrate embryo. Science 233: 740 - 746. 
Landmesser, L. and Morris, D. G. (1975) The development of functional innervation 
in the hind limb of the chick embryo. J. Physiol. (London) 347:189 - 204. 
Llinas, R., Steinburg, L Z., and Walton, K. (1981) Presynaptic calcium currents in 
squid giant synapse. Biophys. J. 33:289-322. 
Loer, C. M. and Kristan, W. B. (1989) Central synaptic inputs to identified leech 
neurons determined by peripheral targets. Science 244:64 - 66. 
Lohof, A. M., Quillan, M., Dan, Y., Poo, M-m. (1992) Asymétrie modulation of 
cytosolic cAMP activity induces growth cone turning, J. Neurosci. 
12:1253-1261. 
115 
Lu, B., Fu, W-m., Greengard, P., and Poo, M-m. (1993) Calcitonin gene-related 
peptide potentialtes synaptic responses at developing neuromuscular junction. 
Nature 363: 76 - 79. 
Mattson, M. P., Taylor-Hunter, A., and Kater, S. B. (1988) Neurite outgrowth in 
individual neurons of a neuronal population is differentially regulated by calcium 
and cyclic AMP. J. Neurosci. 8:1704 -1711. 
McMahan, U. J. (1990) The agrin hypothesis. Cold Spring Harbor Symposium, Cold 
Spring Harbor Press 15:407 - 418. 
McMahan, U. J., and Wallace, B. G. (1989) Molecules in the basal lamina that direct 
the formation of synaptic specializations at neuromuscular junctions. 
Dev. Neurosci. 11:227-247. 
Mills, L. R. and Kater, S. B. (1990) Neuron-specific and state-specific differences in 
Ca2+ homeostasis regulate the generation and degeneration of neuronal 
architecture. Neuron 4:149 -163. 
O'Dell, T. S., Kandel, E. R., and Grant, G. N. (1991) Long-term potentiation in the 
hippocampus is blocked by tyrosine kinase inhibitors. Nature 353:558 - 560. 
Perioni, J. P., and Byrne, J. H. (1992) Differential effects of serotonin, FMRFamide, 
and small cardioactive peptide on multiple, distributed processes modulating 
sensorimotor synaptic tranmission in Aplysia. J. Neurosci. 12:2633 - 2647. 
Purves, D., Sinder, W. D., and Voyvodic, J. T. (1988) Trophic regulation of nerve cell 
morphology and innervation in the autonomic nervous system. Nature 336:123 -
128. 
Purves, D. and Lichtman, J. W. (1985) Principles of Neural Development. (Sinauer 
Assoc., Inc.: Sunderland, MA), 205 - 227. 
Qu, Z., Moritz, E., and Hugarnir, R. L. (1990) Regulation of tyrosine 
phosphorylaiton of the nicotinic acetycholine receptor at the rat neuromuscular 
junction. Neuron 4:367 - 378. 
Reist, N. E., Werle, M. J., and McMahan, U. J. (1992) Agrin released by 
motoneurons induces the aggregation of acetylcholine receptors at neuromuscular 
junctions. Neuron 8:865 - 868. 
116 
Richmond, J. E., Funte, L. R., Smith, W. L., Price, D. A., and Haydon, P. G. (1991) 
Activation of a peptidergic synapse locally modulates postsynaptic calcium influx. 
J. Exp. Biol. 161:257-271. 
Robitaille, R., Adler, E. M., and Charlton, M. P. (1990) Strategic localization of 
calcium channels at neurotransmitter release sites of frog neuromuscular synapses. 
Neuron 5:773 - 779. 
Robitaille, R., and Charlton, M. P. (1992) Presynaptic calcium signals and 
transmitter release are modulated by calcium-activated potassium channels. 
J. Neurosci. 12:297 - 305. 
Role, L. W., Matossian, V. R., O'Brien, R. J., and Fischbach, G. D. (1985) On the 
mechanism of acetylcholine receptor accumulation at newly formed synapses on 
chick myotubes. J. Neurosci. 5: 2197 - 2204. 
Schuch, U., Lohse, M. J., and Schachner, M. (1989) Neural cell adhesion molecules 
influence second messenger systems. Neuron 3:13 - 20. 
Schotsinger, R. J. and Landis, S. C. (1990) Acquisition of cholinergic and peptidergic 
properties by sympathetic innervation of rat sweat glands requires interaction with 
normal target. Neuron 5: 91 -100. 
Siegelbaum, S. A., Camardo, J. S., and Kandel, E. R. (1982) Serotonin and 
cyclic AMP close single K+ channels in Aplysia sensory neeurones. Nature 
299:413-417. 
Smith, S. J., and Augustine, G. J. (1988) Calcium ions, active zones, and transmitter 
release. Trends Neurosci. 11:458-464. 
Smith, C. and Frank, E. (1987) Peripheral specification of sensory neurons 
transplanted to novel locations along the neuraxis. J. Neurosci. 7:1537 -1579. 
Sperry, R. W. (1963) Chemoaffinity in the orderly growth of nerve fiber patterns and 
connections. Proc. Natl. Acad. Soi. U. S. A. 50: 703 - 710. 
Solomon, D. H., Jonas, E. A., Knox, R. J., Elste, A. M., Kaczmarek, L. K., Schwartz, J. 
H. (1992) A tyrosine kinase receptor for Aplysia insulin-like peptide(s) modulates 
excitability in Aplysia Bag cell neurons. Soc Neurosci. Abst. 18:809. 
Stanley, E. F. (1991) Single calcium channels on a cholinergic presynaptic nerve 
terminal. Neuron 7:585-591. 
117 
Steinbach, S. (1981) Developmental changes in acetylcholine receptor aggregates at 
rat skeletal neuromuscular junctions. Dev. Biol. 84:267 - 276. 
Strong, J. A., Fox, A. P., Tsein, R. W., and Kaczmarek, L. K. (1987) Stimulation of 
protein kinase C recruits covert calcium channels in Aplysia bag cell neurons. 
Nature 325; 714 - 717. 
Sun, Y-a., and Poo, M-m. (1987) Evoked release of acetylcholine from the growing 
embryonic neuron. Proc. Natl. Acad. Sci. USA 84 2540 - 2544. 
Ullrich, A., and Schlessinger, J. (1990) Signal transduction by receptors with tyrosine 
kinase activity. Cell 61:203-212. 
Valtorta, F., Madeddu, L., Meldolesi, J., and Ceccavelli, B. (1984) Specific 
localization of the a-latrotoxin receptor in the nerve terminal plasma membrane. J. 
Cell Biol. 99:124 - 132. 
Wallace, B. G., Zhican, Q., Hugarnir, R. L. (1991) Agrin induces phosphorylation of 
the nicotinic acetylcholine receptor. Neuron 6: 869 - 878. 
Xie, Z-p., and Poo, M-m. (1986) Initial events in the formation of neuromuscular 
synapse: rapid induction of acetylcholine release from embryonic neurons. Proc. 
Natl. Acad. Sci. USA 83:7068 - 7073. 
Zoran, M. J., Haydon, P. G., and Matthews, P. J. (1989) Aminergic and peptidergic 
modulation of an identified motor pathway in the gastropod mollusc, Helisoma. J. 
Exp. Biol. 142: 225 - 243. 
Zoran, M. J., Doyle, R. T., and Haydon, P. G. (1990) Target-dependent induction of 
secretory capabilities in an identified motoneuron during synaptogenesis. Dev. Biol. 
138: 202 - 213. 
Zoran, M. J., Doyle, R. T., and Haydon, P. G. (1991) Target contact regulates the 
calcium responsiveness of the secretory machinery during synaptogenesis. Neuron 
6:145-151. 
Zoran, M. J., Funte, L. R., Kater, S. B., and Haydon, P. G. (1993) Neuron-muscle 
contact changes presynaptic resting calcium set-point. Dev. Biol. (In press). 
118 
ACKNOWLEDGEMENTS 
OK, well, here it goes. First, before I forget, I would like to thank my major 
professor for providing me with the opportunity to practice science, and for uttering 
one of the sentences that means the most to me, "Congratulations, you're finished." 
I would also like to thank the members of my committee for their input and 
guidance throughout my research. 
I would like to express my thanks to the members of the lab who have been of 
assistance in too many ways to list, but I'll give it a try. First, I was told (by Kerry) I 
have to thank Kerry for being an essential, important cog in "THE MACHINE". I 
would also like to thank her for her friendship, and for providing me with expert 
golf advice. In addition, I would like to award her for the best Latoya Jackson 
impersonation by someone besides Michael. Fredricka the bag lady, I thank you for 
your "white guy" input, and for the many hours spent conjugating verbs with Zeus. 
Vladdie, AKA. Grumpy Euro Man, thanks for your bright and shining face 
everyday, for your optimistic outlook on life, for your help, and for your friendship. 
Trent, thank you for helping me realize my whiskey potential, and for your 
computer expertise now, and in the future. Brian, thank you for the great number of 
dishes you have not broken, and remember this advise as you weave down the 
Ph.D. path...don't. Lynn, I still think you could make some money down on 6th and 
Grand, and I thank you for all the culture (room talk) we've shared. I pass the torch 
of weirdness on to you, just don't hold it near any polyester. 
Bob, I would like to thank you again, for marrying a dog doctor, it has been 
instrumental to my, (as well as my dogs'), health. Sally, thank you for selflessly 
saving me from those chocolate calories, and for your assistance. 
119 
To the lab folks who have run, screaming, to other pastures, I have not 
forgotten your misguidance. Mark, thank you for your assistance, patience, 
guidance, and friendship. Oh, by the way, the structure that I asked you about 
when you were teaching me to dissect the snails...it's the penis, Mark. Helen, thank 
you for your dog walking skills, for amazing me with your organizing abilities, and 
for your friendship. Liz, thank you for being my first official lab guru. 
Janet, god what do I say about you that I can put in print without being sued? 
I can't express the deep appreciation I feel for your guidance down that long, 
winding cowpath of science; from our bonding at Madison (you college puke), to 
our astounding scientific discoveries (I think we need more dental wax on this 
ground wire). Plethoric, copious quantities of thanks for your expert advise in New 
Orleans (ask her to dance). In general, Richmondo, you'll always be one of my top 
five favorite people. 
To another top five, Dave, thank you for your continued camaraderie in 
sarcasm. I greatly appreciate your friendship. You have made my graduate career 
much more enjoyable. Saga also thanks you for the many doggie bonding moments. 
I shall miss our weekly whine; thank goodness for e-mail. 
Now the final family thanks. Thanks, to my life-long friend, Dan, for doing 
doggie chores, for pitching in with more than his share of house/yard work, and for 
bringing me coffee in my moments of need. I thank you for all of our long talks, and 
for your advise. I thank my dogs Saga, Tonka, and Po for their slobbering 
assistance, and Elly for her advise about what to roll in. I also thank them for 
teaching me that no matter how busy you are, you should take time out to pee on 
the roses. Norma, thank you for being an inspiration, and a great friend, and for 
believing that I would actually get out of college. Catherine, I thank you for your 
120 
expert technical assistance, your willingness to comment on my manuscripts, and for 
your ability to make really good oatmeal. I promise that Madison isn't that cold, but 
you'll have to stop stealing the blankets (unless they have fringe). Finally, I thank 
the parental units (you know who you are). Thank you for your support, thank you 
for your love, and thank you for introducing me to Lawrence Welk (right k. d.?). 
Mom, just see what happens when you let little kids play with frogs! 
